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Bacteria are constantly exposed to nutrient deprivation. Over the course of 
evolution, the organisms have acquired the ability to persist under these harsh 
conditions by entering a resting state of low metabolism. Mycobacteria, 
generally believed to be non-differentiating, have long been known to survive 
shock starvation in saline with zero nutrients for years without any apparent 
morphological alterations. The fact that the textbook differentiating bacteria 
Bacillus subtilis and Streptomyces coelicolor only sporulate when some 
(limited) nutrients are available triggered our interest to revisit the classical 
mycobacterial saline shock starvation model and to ask the question whether 
mycobacteria harbor any hidden morphological differentiation programs that 
may be uncovered by subjecting the bacilli to mild starvation conditions.  
We started off by adding traces of a carbon source to the saline starvation 
model and discovered that mycobacteria actually can undergo cellular 
differentiation: Mild starvation triggered the development of a novel 
mono-nucleoided Small Resting Cell (SMRC) morphotype in M. smegmatis. 
SMRCs developed from log-phase bacilli via septated multi-nucleoided cell 
intermediates. Surprisingly we found that the well-known standard-sized, 
saline shock-starved Large Resting Cells (LARCs) also remodeled their 
internal structure to septated multi-nucleoided state. Both SMRCs and LARCs 
exhibited low metabolism, elevated stress tolerance and extreme antibiotic 
resistance. These results suggest that mycobacteria harbor a novel, 
starvation-induced differentiation program in which first septated 
multi-nucleoided cells are generated. Under zero-nutrient conditions, bacteria 
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terminate development at this stage as LARCs. In the presence of traces of 
nutrient, these multi-nucleoided cells continue differentiation to 
mono-nucleoided SMRCs.  
To characterize this novel mycobacterial differentiation process at the 
molecular level we carried out developmental transcriptome analyses. The 
formation of the septated multi-nucleoided cells during SMRC/LARC 
development was mirrored by upregulation of the septum formation functions 
FtsZ, FtsW, and PbpB, as well as the DNA translocase FtsK and the DNA 
binding protein Hlp. Interestingly, several transcription factors, including 
WhiB2, WhiB3 and WhiB4 (the orthologues of which are involved in the 
formation of exospores in Streptomyces), were found to be upregulated during 
SMRC/LARC formation. The stringent response (p)ppGpp synthase RelA was 
one of the first regulators to be transiently upregulated upon starvation, 
suggesting an early role in SMRC/LARC development. The generation of 
loss-of-function mutations in relA indeed disrupted the formation of both 
SMRCs and LARCs, and thus identified functionally the first regulator of this 
novel prokaryotic cellular differentiation process.  
In conclusion, our study shows that the ‘non-differentiating’ mycobacteria 
actually can undergo cellular differentiation. We characterized the 
developmental transcriptome of this process and identified the first regulator 
genetically. The identification of a novel, extremely drug tolerant 
mycobacterial resting cell type may have clinical implications, as we showed 
that SMRCs are not only generated by the mycobacterial model organism M. 
smegmatis, but also by members of the newly emerging, difficult-to-eradicate, 
lung disease causing nontuberculous mycobacteria, including M. fortuitum. 	 	
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1  Introduction   
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1.1  Resting bacterial lifestyle in starvation 
Bacterial growth cycles are complex in that they display distinct bacterial 
states under different conditions. Under optimal growth conditions, bacteria 
enter an exponential phase in which they divide and generate large amounts of 
offspring rapidly. However, the exponential growth under rich-nutrient 
conditions is rare outside the laboratory. Bacteria in their natural reservoirs 
encounter nutrient limitation constantly (1). In the course of evolution, most of 
the microorganisms have developed an ability to persist during long-term 
starvation by entering a resting state, which is a reversible non-replicating 
state of low metabolic activity. Entry into the resting state can involve 
physiological adaptation accompanied by distinct morphological changes or 
physiological adaptation only. Bacteria employing the former strategy are 
categorized as ‘differentiating’ bacteria, such as the endospore-forming 
Bacillus subtilis and the exospore-forming filamentous Streptomyces 
coelicolor; while bacteria employing the latter are classified as 
‘non-differentiating’ bacteria.  
In the following sections, the level of nutrient availability in the natural 
environment will be described, and how differentiating bacteria and 
non-differentiating bacteria adapt to nutrient deprivation will be reviewed.    
 
1.1.1 Feast or famine? 
Undoubtedly, in nature, there are particular environments where nutrients 
are abundant, but overall the bioavailable energy present in the ecosystem for 
microorganisms is limiting (1, 2). First, let’s have a look at the concentration 
of nutrients in bacterial culture media used in laboratory as a reference. 
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Minimal media refer to those that contain the minimum nutrients required for 
bacterial growth. One liter of standard M9 minimal medium (Cold Spring 
Harbor Protocols) has 4g of glucose as carbon source and 1g of NH4Cl as 
nitrogen source, which equals to approximately 1.6g C/l (133mM) and 0.26g 
N/l (19mM).  
What is the general situation of nutrient availability in nature? In lakes 
and oceans, the amount of carbon source and nitrogen source is very low. It 
varies between different water systems, but generally the concentration falls 
within nanomolar to micromolar range, with organic carbon ranging from 
3μM to 15μM and organic nitrogen from 350nM to 2μM (3, 4). Among these, 
bioavailable compounds such as dissolved free amino acids are suggested to 
be around 30nM (5) and monosaccharides like glucose are less than 60nM 
(6-8).  
The terrestrial environments seem to be richer. It has been estimated that 
soil contains approximately 25mg organic carbon per gram (1). Even though a 
large proportion of the organic carbon is in the form of recalcitrant compounds 
(1), i.e. they cannot be utilized by microbes, the remaining bioavailable energy 
in soil is still at micromolar level – nearly 100 to 1000 fold higher than that in 
water systems. For example, the concentration of sugars is around 50μM (9). 
Surveys on 40 soil samples around the world also showed an average 
concentration of 23μM amino acids (10). Nevertheless, the bacterial density in 
soil is close to 109/g, which is almost 1000 times the bacterial abundance in 
water (106/ml) (11). Thus the competition for bioavailable nutrients is not any 
less intense in soil environments as compared to the aquatic systems. Other 
factors, such as the uneven distribution of nutrients in soil, aberrant water flow 
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and temperature contribute to the hostile situation as well (2). Whereas at one 
moment nutrients might pass by a bacterial cell, the flow might dry up at the 
next moment.  
In sum, the overall nutrients in the environments are limiting for 
microbes – at least 1000 times lower than that provided in the minimal media. 
Most of the microorganisms are exposed to a famine situation. Thus, after 
billions of years of evolution, the bacteria learnt to persist under starvation 
conditions by lowering their metabolism and entering resting states. It is 
widely believed that the resting state is characteristic for the majority of the 
microorganisms in nature (1). 
 
1.1.2 Differentiating bacteria 
Upon nutrient limitation, differentiating bacteria enter non-replicating 
states via an elaborate genetic program in which structurally distinct cells 
usually referred to as ‘spores’ are formed. Generally, spores are classified into 
three groups: endospores, exospores and myxospores. These three groups of 
resting cells are formed via completely different cellular mechanisms. Their 
structures and resistance levels also differ from each other. Even within the 




The most well studied highly differentiated cell form is the endospore, 
produced by several bacteria from the Firmicutes phylum, e.g. Bacillus spp. 
and Clostridium spp. As indicated by the name itself, endospores are produced 
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inside the mother cell. In the textbook model organism B. subtilis (Fig. 1-1), 
endospore formation starts with an asymmetric cell division in which two 
asymmetric compartments are formed – a larger mother cell and a smaller 
forespore. Next, the cell wall material in the septum is degraded and the septal 
membranes migrate around the forespore cytosol to engulf the forespore into 
the mother cell (12, 13). Concurrent with the engulfment, spore coat assembly 
begins: The peptidoglycan cortex is assembled in between the inner and outer 
forespore membranes (14); four additional layers (basement layer, inner coat, 
outer coat and crust) are formed outside the outer forespore membrane (15, 16). 





Fig. 1-1 Life cycle of Bacillus subtilis.  
In Bacillus subtilis, sporulation starts with asymmetric cell division into a larger 
mother cell and a smaller forespore, after which the forespore is engulfed by the 
mother cell. Finally, after spore coat assembly, a mature spore is generated and 
released to the environment upon lysis of the mother cell. This figure is reprinted by 
permission from Macmillan Publishers Ltd: Nature Reviews Microbiology, from 





Endosporulation typically results in the production of a single endospore, 
but some species can produce two or even more (17). For instance, 
Clostridium oceanicum produces two endospores when cultural conditions are 
optimal (18). Anaerobacter polyendosporus isolated from soil can produce up 
to seven endospores per cell (19).  
Endospores are probably the toughest and most long-living bacterial 
resting form on earth. They exhibit extraordinary resistance to most 
environmental stresses, such as ultraviolet radiation (20), extreme heat and 
desiccation (21). Researchers have successfully revived endospores from 
amber that are more than 25 million years old (22). All these astonishing 
properties of endospores – the notable stress resistance and the remarkable 
ability to persist in nutrient-free and harsh environments for centuries – are 
thought to be attributed to their partially dehydrated cortex and the hardy and 
delicate spore encasement (15).  
 
1.1.2.2 Exospores 
Another type of specialized cell form, exospore, is produced by bacteria 
from the Actinobacteria phylum, e.g. Streptomyces spp. They are not 
endospore-like in terms of structure and stress resistance level. This resting 
form is generated by a distinct cellular mechanism. Generally, Streptomyces 
form long branching filamentous cells during vegetative growth. When 
nutrient becomes limiting, aerial hyphae are formed instead of vegetative 
mycelia (Fig. 1-2). These hyphae break the surface tension and grow into the 
air. Sporulation is initiated in the apical compartment of the aerial hyphae 
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where active DNA replication takes place and may generate 50 or more copies 
of evenly distributed chromosomes throughout the elongating hyphae (23). 
Afterwards, the multi-nucleoided hyphae septate to form chains of 
mono-nucleoided prespore compartments and in the final step they break into 
separated exospores with thick spore walls (24, 25).  
Streptomyces exospores are fairly resistant to desiccation (26). However, 
in comparison to the Bacillus endospores, they are far less resistant to adverse 
conditions such as extreme heat and pH (27, 28).  
 
 
Fig. 1-2 Life cycle of Streptomyces coelicolor. 
Streptomyces coelicolor initiates sporulation with growth of aerial hyphae, followed 
by chromosome replication and septation. Afterwards, the septated multi-nucleoided 
hyphae break into separated exospores. Red color indicates tip extension and green 
color indicates septa. Source of figure: adapted from Schlimpert et al., J. Vis. Exp, 
2016 (29) with minor changes. 
 
1.1.2.3 Myxospores 
Besides endospore and exospore, the third type of differentiated resting 
cell is called myxospore. They are generated by myxobacteria such as 
Myxococcus xanthus. This type of sporulation is very special as this 
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developmental process represents a collective behavior of the bacteria (Fig. 
1-3). When nutrients are scarce, myxobacterial cells first aggregate to form 
nascent fruiting bodies in which approximately 105 cells are densely packed in 
the center (30). Then the rod-shaped cells inside the fruiting bodies undergo 
morphological differentiation into spherical myxospores, resulting in mature 
fruiting bodies. It is important to note that only 10% of the total population 
accumulate inside the fruiting bodies and undergo sporulation (31). Another  
30% of the cells remain rod-shaped and stay outside the fruiting bodies as 
peripheral cells scouting for food (31, 32), whereas the remaining population 
undergo lysis or programmed cell death (30, 33).  
Compared to vegetative cells, the resistance of myxospores to desiccation, 




Fig. 1-3 Life cycle of Myxococcus xanthus.  
Upon starvation, Myxococcus xanthus cells first aggregate and form mounds. Then 
the mound further develops into fruiting bodies where the rod-shaped cells in the 
center undergo morphogenesis and form spherical spores while the peripheral cells 
remain rod-shaped. Source of figure: Xavier, Mol. Syst. Biol, 2011 (35). 
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	 	 	 	 In summary, differentiating bacteria employ a variety of cellular 
mechanisms to form structurally differentiated resting cells with different 
levels of resistance. Some resting cells like Bacillus endospores possess 
extraordinary resistance to environmental stresses thus allowing them to 
persist for extended periods of time, while others like Streptomyces exospores 
do not necessarily exhibit remarkable tolerance to adverse conditions but they 
do increase the chance of the microorganisms’ survival by increasing the cell 
number so as to allow better dispersal.  
	
1.1.3 Non-differentiating bacteria 
Non-differentiating bacteria depend on different types of “programmed” 
physiologic responses without sophisticated morphological developmental 
program for survival (36). In contrast to the well-studied sporulating bacteria, 
the mechanisms of non-differentiating bacteria converting from active to 
resting states are little understood. Several types of starvation responses have 
been observed in different species, implying a number of possible strategies 
employed (by individuals or the collective) to fight against starvation. 
The most common strategy is altruistic suicide, which means a proportion 
of the population commit suicide to support the survival of the rest. 
Staphylococcus aureus is such an example. It has been reported that upon 
nutrient deprivation, S. aureus lost viability rapidly such that 99 to 99.9% of 
the population died within 2 days, but the remaining population was able to 
stay relatively constant for almost one month, probably living on the nutrients 
released from their dead siblings (37). However, it is not clear yet whether this 
response is based on programmed cell death that bacteria have developed over 
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evolutionary time or it is simply because the death under starvation is not 
simultaneous so the ‘stronger’ cells which are ‘supposed’ to die later could 
escape the death fate.  
The second strategy is forming ultramicrobacteria. This starvation 
phenomenon is commonly observed for Gram-negative bacteria such as 
Escherichia coli, Vibrio spp. and Salmonella typhimurium, especially in the 
samples collected from marine environments (38-40). These ultramicro-cells 
are usually viable but non-culturable (VBNC) (41), i.e. they don’t form 
colonies on solid agar but can be recovered from liquid broth. However, the 
mechanisms of VBNC ultramicrobacteria formation are not uncovered and it is 
still ambiguous whether these cells are really non-replicating (42).  
Among all the non-sporulating bacteria, mycobacteria are the most robust 
under starvation conditions. They are able to persist without the presence of 
nutrients for extended periods of time, that even 2-year-old starved cells were 
successfully resuscitated upon transferring to nutrient broth (43, 44). No 
apparent morphological modifications have been observed for mycobacteria 
(45). Nutrient starved bacilli have been shown to stop growth, reduce 
intracellular ATP level, lower respiration to minimal levels and shut down 
various metabolic activities (46, 47). However, it is unclear how mycobacteria 
transit from active to resting cells and how the resting bacilli remain viable for 
years. Therefore, it raises an interesting basic biology question as to how 





1.2  Resting mycobacteria – the devil in disguise 
Mycobacteria, belonging to the Actinobacteria phylum, are ubiquitous in 
nature, occurring in almost every habitat and ecosystem of the world (48). 
They are known to be aerobic, non-differentiating rods. The distinguishing 
feature of all mycobacteria is their hardy cell envelope, which is composed of 
peptidoglycan, arabinogalactan and mycolic acids which is surrounded by an 
outer capsule (49). This waxy and thick envelope provides mycobacteria with 
a high level of innate tolerance to various stresses. Up to date, this genus has a 
total of 175 distinct species (http://www.bacterio.net/mycobacterium.html) 
(50). They are classified into several major groups: the Mycobacterium 
tuberculosis complex which cause tuberculosis, M. leprae which causes 
leprosy, and other mycobacteria species which do not belong to the previous 
classes are collectively referred to as nontuberculous mycobacteria (NTM).  
 
1.2.1 Mycobacterium tuberculosis: the notorious pathogen 
M. tuberculosis, known as the tubercle bacillus, was first identified as the 
causative agent of tuberculosis in 1882 by Robert Koch. It has been estimated 
that in 18th and 19th century, tuberculosis was responsible for the deaths of 
approximately one billion people (51). Due to the discovery of various 
antimycobacterial drugs, along with improved sanitation and living conditions, 
the disease mortality has dropped significantly over the past century. The 
current standard tuberculosis treatment requires at least a 6-month regimen 
consisting of an initial phase of 2 months with 4 drugs and a continuation 
phase of 4 months with 2 drugs (52).  
As an obligate parasite, M. tuberculosis is transmitted through the air 
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from one host to another. Upon inhalation, the pathogen reaches host lung 
airways and gets phagocytosed by alveolar macrophages (53). However, M. 
tuberculosis manages to escape eradication by combating phagosomal 
acidification or escaping from phagosomes (54), and ends up surviving within 
these cells (55-57). Infected macrophages then migrate and transport M. 
tuberculosis to pulmonary tissue sites, where a new battle between host 
immunity and the residing pathogen is initiated (58). As a result, granulomas – 
the hallmarks of tuberculosis – are formed to wall off the pathogenic agents 
(59).  
Current belief holds that a variety of adverse conditions are present in 
various locations where the tubercle bacilli reside (60), such as the phagosome 
or the granuloma. Nutrient limitation has been postulated to be one such 
adverse condition that is likely encountered by the bacilli (61, 62). It might 
trigger the physiological adaptations in M. tuberculosis and drive the bacilli 
into resting states where they become phenotypically drug resistant and 
impede the chemotherapy for eradicating the infection (53). Thus, it is 
suggested that these resting bacilli in host are at least partiallyresponsible for 
the prolonged tuberculosis treatment (53, 63). 
Moreover, M. tuberculosis can persist in the host in this non-replicating 
stage for years without causing any clinical symptom (64). However, when the 
host immunity is compromised, the balance between immune system and the 
pathogen in the granuloma is compromised (65). The resting bacilli can 
reactivate and escape the granuloma to infect other parts of the lung (66, 67). 




1.2.2 Nontuberculous mycobacteria: an emerging health concern 
Whereas M. tuberculosis is an obligate pathogen, NTM species are 
mostly environmental organisms. They are found prevalently in aquatic and 
terrestrial habitats (68). Common isolates from nature include both slowly 
growing species (such as M. avium, M. kansasii, M. marinum, M. xenopi, M. 
gordonae, M. ulcerans) and rapidly growing species (eg. M. fortuitum, M. 
chelonae, M. smegmatis, M. abscessus). Despite being free-living saprophytes, 
NTM may under some circumstances behave as opportunistic human 
pathogens, resulting in skin lesions, bone infections, pulmonary diseases and 
disseminated diseases, especially in patients with immunodeficiency such as 
HIV patients (69-73). Similar to tuberculosis, infections caused by NTM are 
also difficult to cure. For instance, pulmonary disease due to M. avium 
complex usually requires a treatment regimen comprising three drugs for at 
least one year (74). However, unlike tuberculosis, transmission of NTM is 
proposed to be mainly through environmental sources via direct contact or 
inhalation of aerosols, rather than between patients (75-77).  
The fact that NTM share a variety of environments with human beings 
inevitably contributes to the rising incidence of NTM infections (76, 78). 
NTM infection was first reported in early 1950s when an outbreak of M. 
marinum infections occurred due to a contaminated swimming pool (79). Later, 
it was found that NTM distributed widely in the municipal water supplies, 
including drinking water distribution systems (80, 81). 35% of the public 
drinking water samples from 21 states in the USA were found positive for 
NTM (82). The number was more striking for the drinking water system in 
Paris that NTM were recovered in 72% of the water samples tested (83). 
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Municipal water is usually disinfected with chemicals like chlorine. However, 
NTM possess a high level of innate tolerance to these disinfectants, most 
probably due to the protection from their complex cell envelope (84-87). On 
top of that, growth and physiological adaptations of the bacteria in the 
nutrient-limiting municipal water systems (e.g. the formation of resting cells) 
have been shown to further equip the bacteria with higher level of resistance 
against disinfectants (87, 88). Therefore, NTM are hardly killed during 
standard water disinfection. As demonstrated in a study on M. avium in a spa 
pool, normal disinfectant killed other environmental organisms to less than 1 
CFU/ml, while 4.3×104 CFU/ml of M. avium were still found in the pool (89). 
As a result, due to the high prevalence of NTM in municipal water supplies, 
human beings are exposed to NTM more frequently and are prone to get 
infected during routine activities, such as showering and swimming (90). 
Similarly, the high prevalence of NTM in sewage soil (91), potting soil (92) 
and house dust (93) also adds to the risk of NTM infections (76).  
	
1.2.3 Challenges due to resting mycobacteria 
The ability to form resting cells under harsh conditions enables 
mycobacteria to survive in aquatic and soil environments. Entering resting 
states is usually accompanied with enhanced resistance to harmful external 
factors, particularly antibiotics. Thus these resting bacilli are also regarded as 
‘persister cells’ to imply their high tolerance against stresses. As described 
above, these non-replicating mycobacterial persister cells are causing serious 
health concerns: resting NTM in the municipal water supplies are difficult to 
eradicate, thereby contributes to the emerging NTM infections; resting M. 
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tuberculosis that persist in lungs are refractory to antibiotics thus hinder the 
chemotherapy and remain a potential threat for the disease to relapse. 
Therefore, it is not only of biological interest but also of clinical relevance to 
study the nutrient-starved non-replicating forms of mycobacteria. A better 
understanding of the starvation survival strategy of mycobacteria would 
provide new insights into eradicating non-replicating mycobacteria from water 
supplies, as well as improving diagnosis, prevention and therapeutics 
development against mycobacterial infections.  
 
1.3  In vitro models studying resting mycobacteria 
To study the resting form of mycobacteria, researchers have established 
various in vitro models (94). It is worth mentioning that non-replicating 
mycobacteria can be triggered by stresses other than nutrient limitation, such 
as hypoxia (95-97) and nitric oxide treatment (98). Among these conditions, 
the hypoxic model has been studied extensively. Wayne and coworkers first 
introduced M. tuberculosis to gradual oxygen depletion in which the pathogen 
shifts to a non-replicating stage with reduced metabolic activity (99). 
Subsequent studies identified DosR as a master regulator of hypoxia-induced 
resting state (100). There has also been attempts to establish multiple-stress 
model by combining stresses of low oxygen, high CO2, low nutrient and acidic 
pH (101), or acidic pH and NO treatment (102). However, since our research 
focuses on mycobacterial nutrient starvation survival responses, we will 





1.3.1 The Loebel model 
The investigation on effects of nutrient starvation on mycobacteria dates 
back to work done by Loebel and his colleagues in 1933 (103, 104). In their 
experiments, M. tuberculosis cultures transferred from normal growth media to 
phosphate-buffered saline (PBS) were shown to remain viable but found to 
reduce their respiration to minimal levels (104). Yet, it was not until 2002 that 
researchers’ attention was drawn back to this nutrient starvation model. 
Adapted from Loebel’s work, Betts et al. (46) further optimized the M. 
tuberculosis starvation model. It was reported that the starved bacilli 
underwent an arrest in growth but remained viable, reduced its respiration rate 
and became tolerant to first-line anti-TB drugs (46). Later, researchers 
expanded the characterization studies and showed that the starved bacilli 
decreased ATP level, reduced drug uptake and increased drug tolerance against 
most antimycobacterial agents (45, 47, 105). No apparent morphological 
alterations have been reported for the Loebel starved bacilli (45).  
Several efforts have been made to identify the key regulators for 
nutrient-starvation survival. Betts et al. (46) performed microarray 
experiments to characterize the transcriptional changes upon starvation over 
time. However, until now, no key regulators have been identified from 
follow-up genetic studies based on Betts et al. microarray results (47, 106).  
 
1.3.2 Other models 
Besides the Loebel starvation model, there are studies employing other 
culture conditions to investigate the starvation responses in mycobacteria. For 
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instance, starved M. smegmatis and M. tuberculosis in prolonged stationary 
phase cultures in minimal media short of either carbon or nitrogen sources 
have been characterized (44, 107, 108). Similar to the Loebel starved cells, 
mycobacterial bacilli starved in these extended stationary phase conditions 
also exhibited increased stress tolerance. Other researchers used chemostat 
starvation cultures, in which various parameters such as pH, temperature, 
nutrient amount and oxygen tension could be accurately monitored and 
controlled (109). Berney and Cook (110) have reported the flexibility of 
energy metabolism in starved M. smegmatis using such chemostat continuous 
cultures. They showed that the starved bacilli activated alternative 
dehydrogenases to maintain the electron transport chain.  
Although these models have some advantages, the disadvantage is 
obvious. Whereas the Loebel bacilli are evidently non-replicating, the growth 
state of bacilli in these stationary phase cultures or chemostat continuous 
cultures are ambiguous at best. Hence, the Loebel model appears to be the best 
among the current in vitro models with the purpose of studying 
starvation-induced non-replicating mycobacteria.  
 
1.4  Specific aims of study 
As reviewed above, Mycobacterium spp. encounter nutrient starvation 
frequently in their habitats, for instance, M. tuberculosis in their host and 
nontuberculous mycobacteria in the soil and water distribution systems. Over 
the course of evolution, they have developed extraordinary capability to persist 
under starvation so as to survive in such nutrient-limiting environments. This 
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ability contributes at least partly to the difficulties in eradicating tuberculosis 
and the increasing incidence of nontuberculous mycobacterial infections. 
Hence, it is of importance to understand how mycobacteria survive nutrient 
starvation. 
The Loebel model in which mycobacteria are transferred from 
nutrient-rich media to PBS for starvation has been studied. Starved bacilli 
have been shown to cease growth, reduce metabolism and increase stress 
tolerance. However, the mechanisms underlying nutrient-starvation survival 
are still not well understood.  
In the Loebel model, no apparent morphological alterations were 
observed for the starved bacilli, indicating that mycobacteria are 
non-differentiating. Whether morphologically differentiating bacteria execute 
their genetic program or not depends on the very specific culture conditions. 
For instance, B. subtilis does not undergo endospore formation under all 
starvation conditions. They weigh their options before committing to a 
developmental pathway (111). As endosporulation is a prolonged (7h 
compared to a generation time of 40 min) and energy-consuming process, the 
organism only commits to this developmental pathway when certain nutrients 
are present in the environment to allow completion of the process. B. subtilis 
does not enter the sporulation program under shock starvation conditions (112). 
Similarly, in Streptomyces cultures, significant spore formation could only be 
realized provided that a sufficient (but not excess) supply of exogenous carbon 
sources is available to complete the developmental process (113, 114). 
Based on this common behavior in differentiating bacteria, we 
hypothesized that mycobacteria may harbor hidden morphological 
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differentiation programs that could be uncovered by adding traces of nutrients 
into the standard saline starvation solution (the Loebel model) to simulate 
gentle starvation conditions. The main objective of this study was thus to 
determine whether mycobacteria harbor an unknown differentiation program. 
The specific aims of this research were to: 
(1) determine whether ‘non-differentiating’ mycobacteria are capable of 
undergoing morphological differentiation; 
(2) dissect the cellular mechanism of the morphological differentiation 
process and characterize the differentiating responses with respect to 
reactivation, metabolism, stress tolerance and intracellular lipid 
storage; 
(3) perform comparative transcriptome analyses to characterize the 
differentiation program at molecular level and identify potential 
regulators underlying nutrient-starvation induced resting state; 
(4) study the function of well-known starvation associated stringent 
response regulator RelA in the morphological differentiation process; 
(5) investigate drug susceptibility on the starvation induced non-replicating 
cells. 
We employed the mycobacterial model organism M. smegmatis for this 
study. M. smegmatis is a typical NTM which is mostly found in soil and water 
(115). It is non-pathogenic and fast growing with an average doubling time of 
3h. In addition, genetic modification is feasible in this microorganism due to 
the availability of whole genome sequence and genetic engineering tools. 
Although non-pathogenic, M. smegmatis also resembles pathogenic 
mycobacteria species such as M. tuberculosis in several ways (116). At the 
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genome level, two-component systems and histidine kinases (genes involved 
in sensing and responding to the environmental signals) and sigma factors 
(genes involved in regulating bacterial transcription) are largely conserved 
between M. smegmatis and M. tuberculosis (116). At the cellular level, it has 
been shown that M. smegmatis adapts to harsh environments such as hypoxic 
conditions in the same way as M. tuberculosis: Under the regulation of the 
same key regulator DosR, both species lower their metabolism, enter 
non-replicating phase and exhibit phenotypically drug resistant (95, 97, 117, 
118). Thus, M. smegmatis appears to be a good model organism for both NTM 
and M. tuberculosis in nutrient starvation studies.  
To determine whether M. smegmatis can undergo morphological 
differentiation, we started off by subjecting M. smegmatis to shock starvation 
(saline) and gentle starvation (saline containing traces of carbon sources), and 
observed the bacterial viability and cell morphology over time. Various 
approaches were then applied to characterize the uncovered cellular 












2  Materials and Methods  
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2.1  Bacterial strains and culture conditions  
2.1.1 Mycobacterial strains and culture conditions 
Mycobacterium smegmatis mc2155 (ATCC 700084), Mycobacterium 
fortuitum (ATCC 6841), Mycobacterium peregrinum (ATCC 23001) and other 
M. smegmatis mutant strains were grown at 37°C with agitation in 
Middlebrook 7H9 broth supplemented with 0.5% bovine albumin, 0.2% 
glucose, 0.085% NaCl, 0.5% glycerol, 0.0003% catalase and 0.05% Tween80. 
For CFU determinations, appropriate dilutions of cultures were plated on 
Middlebrook 7H10 agar plates supplemented with 0.5% bovine albumin, 0.2% 
glucose, 0.085% NaCl, 0.5% glycerol, 0.0003% catalase and 0.006% oleic 
acid. 7H9 broth and 7H10 agar mentioned in the following sections referred to 
the supplemented version unless otherwise stated. When required, antibiotics 
were added to the culture media (broth or agar) for selection at the following 
final concentrations: kanamycin (Kan) – 25μg/ml; hygromycin (Hyg) – 
50μg/ml; rifampicin – 100μg/ml. 
 
2.1.2 Starvation conditions 
For nutrient-starvation experiments, exponentially growing cultures with 
an optical density (OD) at 600 nm (OD600) of 0.5 were harvested by 
centrifugation (3200 rpm, 10 min, 25°C). After washing three times with 
pre-warmed PBS-Tween80 or PBS, the cultures were diluted to a final OD600 
of 0.10-0.15. A volume of 50 ml (or at most 100ml) of this suspension was 
transferred into a 1-liter roller bottle (Corning, COR430195) and starved for 
14 days (or up to 6 months), with rolling at 2 rpm at 37°C. To verify that the 
small cells were not specific to Tween80, 0.005% of glucose, glycerol or 
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sodium acetate was used to replace Tween80. PBS-Tween80 or PBS were 
prepared by adding 1.8L autoclaved Millipore H2O to 200ml Dulbecco’s 
Phosphate-Buffered Saline (Gibco, DPBS 10X, 14080055), and then 
supplemented with either 2.5ml of filter sterilized 20% Tween80 for 
PBS-Tween80 media or 10ml of filter sterilized 5% Tyloxapol for PBS media 
(final concentration for Tween80 and Tyloxapol: 0.025%). The pH of both 
media was adjusted to pH6.5 by addition of ~1.5ml sterile 5M NaOH before 
use. For long-term starvation incubation experiments, cultures were topped up 
with sterile distilled water once a month to compensate for the decreased 
culture volume due to evaporation (approximately 5ml for 50ml culture). 
 
2.1.3 Recovery of starved cells 
In regrowth experiments, 20ml of 14-day-old shock-starved cultures and 
5ml of 14-day-old gently starved cultures were spun down, re-inoculated into 
20ml 7H9 broth (an initial inoculum of ~107 CFU/ml) and incubated in T75 
flasks with agitation at 15rpm (0h). Samples were collected every 3h for CFU 
plating or acid-fast staining until 12h.  
 
2.1.4 E. coli culture conditions 
Escherichia coli DH5α was used for genetic manipulation. The bacilli 
were cultured in LB broth or on LB agar. When required, antibiotics were 
added to the culture media (broth or agar) for selection at the following final 




2.2  Stress test 
2.2.1 Environmental stresses test 
All bacterial cultures (eg. exponentially growing bacilli, 14-day starved 
bacilli) were diluted to ~107 CFU/ml in the corresponding media and 1ml of 
which was aliquoted into 14ml round bottom tubes. After incubation at 37°C/ 
160rpm, the survival of cells was determined by CFU plating before and after 
the treatment. Detergent stress was applied by addition of 10% SDS to a final 
concentration of 0.5% and incubated for 30min. Acidic stress was achieved by 
addition of 6M HCl to lower the pH to 1.5 for 20min. Oxidative stress was 
applied by addition of 3% H2O2 to a final concentration of 10mM and 
incubated for 1h. For anaerobic stress, cultures were shifted to anaerobic jars 
with Oxoid AnaeroGen paper sachet (AN0025) to deplete the oxygen inside 
each jar. All tubes should be capped to the first snap only to allow gas 
exchange. Oxoid anaerobic indicator strip (BR0055B) decolorized within 3h. 
All anaerobic jars were incubated at 37°C without agitation and one anaerobic 
jar was opened at each time point until 2 weeks.  
 
2.2.2 Drug susceptibility test 
5mM working stock of all drugs were prepared using either distilled H2O 
or 90% DMSO and then filter-sterilized. The cidal activity of compounds 
against growing and non-growing bacilli was determined by exposing an 
initial inoculum of approximately 106 CFU/ml to 100μM antibiotics (or 
otherwise stated) in round-bottom tubes at 37°C/160rpm for 24h. Bacterial 
numbers were determined by plating appropriate dilutions of non-treated 
(before treatment) and treated cultures on 12-well 7H10 agar plates. A final 
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DMSO concentration lower than 2% had no cidal effect on either the 
replicating or the starved non-replicating cells. 
For Eagle effect studies, growing or non-growing cultures were subjected 
to a range of fluoroquinolones (1 to 100 μM). To investigate the effect of 
protein synthesis inhibitor on fluoroquinolones lethality, 45μM 
chloramphenicol (sub-lethal) was added to cultures 1h prior to drug treatment 
to halt protein synthesis and bacterial growth (119). To examine the potential 
role of efflux pump inhibitors in the Eagle effect, the starved cultures were 
pre-incubated with either 20μM of reserpine or 80μM of verapamil (non-cidal) 
for 5min before addition of antibiotics (45).  
 
2.3  Biochemistry assay 
2.3.1 Determination of respiratory rate 
Aliquots of 2 ml (~107 CFU/ml) log-phase cultures and 14-day starved 
cultures, along with 7H9 broth as controls, were transferred into clear 14ml 
round-bottom tubes and placed in anaerobic jars. Oxygen in the jar was 
removed by AnaeroGen sachet. Methylene blue at a final concentration of 
1.5μg/ml was added into all tubes as an indicator of the oxygen status within 
the liquid phase. The dye decolorizes when the oxygen in cultures is used up. 
The color changes and differences between starved cultures, exponentially 
growing cultures and broth reflect the relative oxygen consumption (47), thus 
indirectly indicate the respiratory rate of each culture. As mentioned above in 
section 2.2.1, all tubes should be capped to the first snap only to allow gas 
exchange. Anaerobic strip decolorized within 3h, indicating an achievement of 
26 
	
anaerobic condition inside the anaerobic jar. The anaerobic jar was incubated 
at 37°C without agitation and the color of each tube was recorded qualitatively 
every 3h until 12h and at 24h. 
 
2.3.2 Determination of intracellular ATP level 
The BacTiter-Glo Microbial Cell Viability Assay (Promega) was 
employed to measure the ATP levels according to the manufacturer’s 
instruction as described previously (47). 25μl of sample was mixed with an 
equal volume of the pre-mixed room-temperature BacTiter-Glo reagent in 
96-well white opaque Nunc plates. After 5min incubation in the dark, 
luminescence was recorded at 1s integration time per well using Tecan plate 
reader (Tecan Infinite M200 Pro) and displayed as relative luminescence unit. 
Average value of blank wells (25μl of media mixed with 25μl of reagent) was 
subtracted from all values of tested samples. The ATP amounts of all cultures 
were standardized using the standard curve of 10-fold serial dilutions of pure 
ATP in the corresponding culture media (0.1 to 100nM) from the same plate. 
The absolute amount of ATP per bacterium was calculated by normalizing total 
amount of ATP with CFU [(mol ATP/ml) / (CFU/ml)].  
 
2.4  Staining and microscopy 
2.4.1 Acid-fast staining and light microscopy 
Bacterial smear was made by spreading appropriate amount (10μl) of 
bacterial cultures onto slides. After heat fixation, the slides were flooded with 
Carbol Fuchsin and placed on top of hot steam for 5min. Then the slides were 
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rinsed with 3% HCl-Alcohol and tap water to remove the excess stain. 
Thereafter, the slides were air dried and observed under a light microscope 
(Olympus BX60, brightfield) 100X objective lens (with oil immersion). To 
measure the cell length, the size of 120 cells from each sample was quantified 
using ImageJ (120).  
	
2.4.2 Scanning electron microscopy 
For each culture, around ~109 cells were collected and fixed with 4% 
glutaraldehyde in 50mM Tris-HCl buffer (pH7.2) at 4°C overnight. After 
washing, pre-fixed samples were post-fixed in 1% OsO4 reagent for 1h, 
followed by dehydration in gradually increasing concentrations of ethanol up 
to 100%. Next, dehydrated samples were transferred to critical point dryer for 
infiltration with CO2. After mounting the specimen on scanning electron 
microscopy stubs, samples were sputter-coated with a thin layer of gold and 
examined using JEOL 5600 Scanning Electron Microscopy. 
 
2.4.3 Dual stain of DAPI and FM4-64 
For membrane and DNA staining, samples collected were first fixed in 2% 
paraformaldehyde in PBS for 30min and stained as previously described (121). 
Briefly, fixed and washed cultures were stained with the membrane dye 
FM4-64 (Molecular Probes, T3166) at a final concentration of 1μg/ml for 1h. 
Cells were harvested, stained with DAPI (Molecular Probes, D1306) at 10 
μg/ml for 10min, and then mounted to slides and visualized under either an 
epifluorescence microscope (Olympus BX60) or a confocal microscope 
(Olympus FV1000). For the epifluorescence microscope, DAPI and FM4-64 
28 
	
stains were observed under U-M61002 and U-MWIG filters, respectively. For 
the confocal microscope, a filter set (Ex 528-553 nm / Em 600-660 nm) was 
used for FM4-64, and a standard DAPI filter set (Ex 325-375 nm / Em 
435-485 nm) was used for DAPI-stained cells. 
 
2.4.4 Nile red staining 
Nile red (Sigma-Aldrich, N3013) staining was carried out similarly as 
mentioned above. Fixed samples were incubated with Nile red stain at 5μg/ml 
for 10min, and then spun down and resuspended in appropriate amount of PBS. 
Stained samples were mounted to slides and visualized using confocal 
microscope at Ex 450-500 nm / Em > 528 nm.  
     
2.5  Transcriptomics studies 
2.5.1 Mycobacterial RNA isolation and preparation 
10ml of exponentially growing cultures at OD600 of 0.5 (t=0) or 50 ml of 
starved cultures at 1h, 3h, 24h and 14d were harvested by centrifugation 
(3200rpm, 10 min, 25°C). The pellet was resuspended in 1ml of Trizol 
(Invitrogen). RNA isolation and preparation was performed by Dr. Martin 
Gengenbacher (BSL3 Tuberculosis Research Lab) and Dr. Hans-Joachim 
Mollenkopf (Max Planck Institute for Infection Biology). Briefly, bacterial 
cultures in Trizol were disrupted by bead beating (FastPrep Instrument and 
BLUE Kit tubes (BIO 101); two cycles of 30s at maximum speed with cooling 
on ice between cycles). The samples were centrifuged for 1min at 
4°C/13000rpm and the supernatant was transferred to a new tube containing 
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200μl chloroform, mixed and incubated at room temperature for 5min. After 
centrifugation at 4°C/13000rpm for 10min, RNA was extracted from the 
aqueous phase with isopropanol according the supplier’s manual followed by a 
treatment with DNase I (Amplification Grade, Invitrogen) with subsequent 
ammonium acetate / isopropanol precipitation. Quality and quantity of total 
RNA were assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies) 
and a NanoDrop 1000 spectrophotometer (Kisker). The Gram-Positive 
Bacteria Ribo-Zero (Epicentre) rRNA Magnetic Removal Kit was used to 
remove bacterial rRNA from total RNA preparations. 
 
2.5.2 RNA sequencing 
RNA-seq experiments were done in collaboration with Dr. Martin 
Gengenbacher, Prof. Stefan Kaufmann (Max Planck Institute for Infection 
Biology) and Dr. Hans-Joachim Mollenkopf. RNA-seq libraries were prepared 
according to the TruSeq RNA Sample Preparation v2 Guide (Illumina) without 
fragmentation and without size selection. Using an Agilent Bioanalyzer high 
sensitivity DNA kit, we confirmed an average final library size approximately 
350bp rendering fragmentation obsolete. Therefore, the library insert 
fragmentation time at 94°C was set to 0min. The quality of the cDNA libraries 
was assessed using the DNA-1000 kit (Agilent Technologies) on a 2100 
Bioanalyzer and quantified with the Qubit 2.0 Fluorometer (Life 
Technologies). Two libraries of 15 different samples each were indexed, 
pooled, loaded and clustered onto individual lanes of a Rapid Run flow cell 
with a cBot instrument (Illumina). In total 30 different samples were analyzed 
on a Hi-Seq 1500 sequencer (Illumina) using a TruSeq Rapid SBS Kit and 2 × 
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51 cycles including 7 cycles indexing to obtain 50-bp paired-end reads.  
 
2.5.3 Transcriptome data analysis 
Bioinformatics analysis of RNA-seq data was performed by Dr. Swaine 
Chen and Dr. Jade Chung from Department of Medicine. RNA sequencing 
reads were mapped to the M. smegmatis mc2155 reference genome (NCBI 
accession: NC_008596) using BWA (v0.5.9) with default parameters (122). 
Sequencing reads mapping to predicted open reading frames (ORFs) were 
quantified using HTSeq (123) based on the NCBI RefSeq annotation. 
Sequence counts for annotated ribosomal sequences and the tRNAs were 
filtered out prior to subsequent analysis. Differential expression analyses were 
performed in R (version 2.15.1) using the Bioconductor package, edgeR (124), 
and generalized linear modeling to account for gene expression dependencies 
on growth condition and on time. Differentially expressed genes were defined 
as genes with at least 2-fold change between samples, with P-value < 0.001 
and false detection rate (FDR) value < 0.005. MDS plots were generated using 
the plotMDS function in R, selecting the top 500 modulated genes (based on 
maximum standard deviations between different growth conditions and time 
points) among the data sets being compared. COG enrichment analysis was 
performed using DAVID (v6.7) (125) with default parameters on the top 3,000 
modulated genes (based on P-value and FDR) among the data sets being 
compared. Raw and processed RNA-seq data have been deposited in GEO 





2.6  Genetic manipulations 
2.6.1 Plasmids 
All plasmids used in this study are listed in Table 2-1. The first five 
plasmids were obtained from others as gift, while the last two were 
constructed in this study.  
 
Table 2-1 List of plasmids used in this study. 
Plasmid  Features Source 
pJV62 KanR, oriE and oriM, Che9c gene 61 (recombinase) Hatfull (126) 
pJV53 Kan
R, oriE and oriM, Che9c gene 60 (exonuclease) 
and gene 61 (recombinase) Hatfull (126) 
pSJ25 HygR, oriE, attP-int Hatfull (127) 
pYUB854 HygR flanked by MCSs, oriE Jacob (128) 
pMV306 KanR, oriE, attP-int Jacob (129) 
pYUB854/ 
relA-updown 
HygR, oriE, containing 500bp up-relA and 513bp 





KanR, oriE, attP-int, containing a M. tuberculosis 
relA allele under its native promoter in between 
HindIII and KpnI sites 
This study 
 
2.6.2 Mycobacterial genomic DNA isolation 
Considering the robust feature of mycobacterial cell wall, a 
mycobacterial specific DNA extraction protocol adapted from Kaser et al. (130) 
was used. The bacterial pellet obtained from 50ml M. smegmatis (OD600>0.6) 
culture was resuspended in 300μl lysis buffer (15% sucrose, 50mM Tris (pH 
8.5), 50mM EDTA). After addition of 50μl lysozyme (100mg/ml, final 
concentration: 10mg/ml), the mixture was incubated at 37°C for 1h. Then 
100μl of 10%SDS and 150μl of 50mg/ml Proteinase K was added and further 
incubated for 1h at 50°C. The cells were then transferred to 2ml screw-cap 
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tubes containing 150mg of 0.1mm diameter glass beads and disrupted 
mechanically by bead beating (3×30s, 6500rpm, Precellys 24). After pelleting 
down the cell debris at 14000rpm for 2min, the supernatant was transferred to 
a 1.5ml eppendorf tube. Thereafter, 500μl of phenol-chloroform-isoamyl 
alcohol (25:24:1) was added and the mixture was inverted several times. Upon 
centrifugation at 14000rpm for 5min, the aqueous phase was transferred to a 
new eppendorf tube, after which the phenol-chloroform-isoamyl alcohol 
extraction step was repeated again. Upon collecting the aqueous phase, 0.1 
volume of 3M sodium acetate and 1 volume of isopropanol was added to 
precipitate the DNA. The tube was then kept at -80°C for 30min to promote 
the precipitation. Subsequently, the precipitated DNA was centrifuged and 
washed twice with 70% ethanol at 4°C. Once air dried, isolated DNA was 
resuspended in 50μl nuclease-free H2O overnight at 4°C. DNA amount was 
quantified using Nanodrop, after which the isolated genomic DNA (gDNA) 
was further diluted to 50ng/μl as working stock and stored at -20°C for later 
use.  
 
2.6.3 Preparation of electrocompetent cells 
2.6.3.1 Preparation of electrocompetent wile-type M. smegmatis cells 
200ml of M. smegmatis cultures (OD600 0.5-0.8) were harvested and 
placed on ice for 1.5h. After spinning down for 10min at 4°C/3500rpm, the 
pelleted cells were washed 4 times with pre-chilled sterile 10% glycerol at 
decreasing volumes in succession: 200ml, 100ml, 50ml, 25ml. The final cell 
suspension was concentrated in 4-8ml. The electrocompetent cells were then 
aliquoted into 120μl in eppendorf tubes and kept in -80°C for future use.  
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2.6.3.2 Preparation of electrocompetent recombineering cells 
To prepare electrocompetent recombineering cells, M. smegmatis/pJV62 
recombineering strain or M. smegmatis/pJV53 recombineering strain from 
pre-culture was inoculated in 7H9 induction media (7H9 + 0.5% glycerol + 0.2% 
succinate + 0.025% Tween + Kan) and grown to mid-log phase (OD600 0.4-0.6). 
Acetamide (final concentration of 0.2%) was then added to the culture and 
further incubated for 3h to induce expression of the recombinase or 
exonuclease in the plasmid. Afterwards, the electrocompetent recombineering 
cells were prepared as described in section 2.6.3.1. 
 
2.6.3.3 Preparation of electrocompetent E. coli cells 
200ml of E. coli cultures (OD600 0.35-0.4) were harvested and placed on 
ice for 20min. After spinning down for 10min at 4°C/3000rpm, the pelleted 
cells were washed 3 times with pre-chilled sterile 10% glycerol at decreasing 
volumes in succession: 200ml, 100ml, 50ml. The final cell suspension was 
concentrated in 2-4ml. The electrocompetent cells were then aliquoted into 
120μl in eppendorf tubes and kept in -80°C for future use.  
 
2.6.4 Transformation of electrocompetent cells 
2.6.4.1 Transformation of electrocompetent M. smegmatis cells  
Aliquots of electrocompetent M. smegmatis cells were thawed on ice. 
DNA substrates (50-500ng, less than 5μl) and 100μl of thawed 
electrocompetent cells (thawed on ice) was mixed and transferred to 
pre-chilled 0.2cm gap cuvettes (Bio-rad, 1652086). After 10min incubation on 
ice, the cuvettes were dried with tissue paper and pulsed at 2.5kV, 25μF, 
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1000Ω (Bio-rad Gene Pulser Xcell system). The time constants are usually 
between 20-25 ms. After electroporation, 1ml of warm 7H9 was immediately 
added to the cuvettes and the cultures were transferred to round-bottom tubes 
and recovered at 37°C 200rpm for 4h, after which appropriate amount of the 
cultures were plated on agar plates with selective antibiotic(s) and incubated 
for 2 days.  
To obtain recombineering strain, 50ng of plasmid pJV62 or pJV53 was 
transformed into electrocompetent M. smegmatis as described above. Positive 
colonies growing on Kan plates were inoculated in 10ml 7H9 media 
containing 25μl/ml Kan. Stock of M. smegmatis/pJV62 or M. 
smegmatis/pJV53 was prepared by adding equal volume of sterile 50% 
glycerol into OD600 ~1.0 cultures, and then aliquoted into cryovials and kept at 
-80 °C for future use. 
 
2.6.4.2 Transformation of electrocompetent E. coli cells  
Electrocompetent E. coli cells were used in the following sections to 
construct plasmids for knockout and complementation experiments. Aliquots 
of electrocompetent E. coli cells were thawed on ice. 2.5μl from 10μl ligation 
mixture was added to 100μl of thawed electrocompetent cells in pre-chilled 
0.2cm gap cuvettes. After 2min incubation on ice, the cuvettes were dried with 
tissue paper and pulsed at 3kV, 25μF, 200Ω. The time constants are usually 
between 4.8-5.2 ms. After electroporation, 1ml of warm LB was immediately 
added to the cuvettes and the cultures were transferred to round-bottom tubes 
and recovered at 37°C 200rpm for 1h, after which appropriate amount of the 
cultures (usually 100μl and 900μl) were plated on LB agar plates with 
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selective antibiotic and incubated overnight.  
 
2.6.5 Generation of RelA nonsense mutant 
Generation of relA nonsense mutant was done in collaboration with Chuu 
Ling Chan (Department of Microbiology and Immunology, NUS). The 
nonsense mutant was generated by introducing a stop codon at the beginning 
of RelA coding sequence using point mutation recombineering strategy 
adapted from van Kessel and Hatfull (131). Briefly, a synthesized 73nt 
single-stranded DNA (ssDNA) oligo harboring the desired single nucleotide 
mutation at the center was transformed into electrocompetent cells with pJV62 
(a plasmid containing mycobacteriophage Che9c 61 recombinase). The 
mutated strain was further selected on antibiotic plates and screened as 
demonstrated in the following sessions. All PCR products in this section were 
amplified using Taq DNA polymerase (Thermo Fisher Scientific). All primers 
used for generating relA nonsense mutant are listed in Table 2-2 at the end of 
this chapter. 
    
2.6.5.1 Design of screening primers and ssDNA oligo for point mutation 
For M. smegmatis relA (MSMEG_2965), three sets of screening primers 
were designed against three potential positions where a stop codon 
(TGA/TAG/TAA) can be introduced by single nucleotide change. Within each 
set of primers, primer (a) has exactly the same sequence as wild-type allele 
thus binds to wild-type gDNA, while primer (b) aligns with the mutant allele 
thereby binds to mutant gDNA. Ideally, due to the 3’ mismatch, primer (a) 
cannot bind to mutant gDNA but will give a band for wild-type gDNA, 
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therefore can be used for mutant screening; vice versa for primer (b). However, 
it is not always the case, i.e. some primers still result in amplified products 
though they have a 3’ mismatch. Therefore, 3 sets of primers along with the 
corresponding reverse primer and control forward primer were tested against 
wild-type gDNA. The primer set that could distinguish between wild-type and 
mutant strain, i.e. primer (a) bound to wild-type gDNA while primer (b) failed 
to generate a PCR product, was chosen as screening primers and the 
corresponding single nucleotide change was determined for point mutation. As 
a result, it was decided that for relA nonsense mutant, a stop codon TAG 
would be introduced to the 4th triplet of the coding sequence by changing the 
10th nucleotide from G to A. Primers rel-FW and rel-b were chosen as the 
screening primers. 
After determining the position to introduce stop codon, an ssDNA oligo 
was designed based on van Kessel’s paper (131). The mutation to be 
introduced should be placed at the center of the oligo substrate. To achieve a 
higher recombineering efficiency, the ssDNA substrate should be designed to 
be complementary to the lagging strand. Based on the this, the design of 
ssDNA oligo should comply with the following rules: The strand on which the 
target gene locates is referred to as ‘+’ or ‘–’ in TB database 
(http://www.tbdb.org). For genes falling within locus 0001-3334, if the gene is 
on the “+” strand, the ssDNA oligo should be reverse complementary to the 
coding sequence; if the gene is on the ‘–’ strand, the ssDNA oligo should be 
the same as the coding sequence. For genes falling within locus 3335-6947, 





harboring the desired mutation at the center was designed. 100nmol of the 
ssDNA oligo was synthesized with PAGE purification by IDT (Integrated 
DNA Technologies, Inc). Upon receipt of the lyophilized ssDNA pellet, it was 
resuspended in nuclease-free H2O to 250μM.  
 
2.6.5.2 Transformation of relA ssDNA oligo 
500ng of relA ssDNA oligo was transformed to 100μl electrocompetent 
M. smegmatis/pJV62 recombineering cells as described above (section 2.6.4). 
However, since this ssDNA was non-selectable, another integrative plasmid 
pSJ25 (50ng) containing hygromycin resistance cassette was co-transformed 
with the ssDNA oligo to help selection. After 4h incubation, recovered cells 
(approximately 10μl plus 90μl 7H9) were plated on 7H10-Kan-Hyg plates. As 
a positive control, a ssDNA oligo targeting rpoB (5’- GACCGCCGGGGCCC 
AGCGCCGAAAGACGACGCTTGCGGGTCAGACCCGACAGCGGGTTG
TTCTGGTCCATG -3’) was also transformed with pSJ25. Recovered 
transformants re-plated on 7H10-rifampicin plates resulted in ~30% 
rifampicin-resistant colonies. Nuclease-free H2O with electrocompetent 
recombineering cells was used as negative control, which resulted in zero 
recovered transformants on 7H10-Kan-Hyg plates.  
 
2.6.5.3 Screening for mutants 
50 recovered colonies from the 7H10-Kan-Hyg plate were picked and 
restreaked on 7H10-Kan-Hyg grid plate. Colony PCR was then performed 
with screening primers rel-FW and rel-b. The colony that gives the brightest 
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positive band was restreaked to get pure colonies for a second round of 
screening. Positive colonies were amplified using flanking primers 
rel-FW/rel-RV and sent for sequencing to confirm the mutation. 
 
2.6.5.4 Removing the recombineering plasmid pJV62 
To remove the recombineering plasmid pJV62, the verified mutant colony 
was inoculated to 10ml 7H9 with Hgy and incubated for 2 days (10ul into 
10ml), then subcultured in 7H9-Hgy for another 2 days. This culture was 
streaked out on antibiotic-free 7H10 plates. Colonies from this plate were 
replica plating on 7H10-Hgy and 7H10-Kan grid plates. One KanS colony 
(after reconfirmed “no-growth” on 7H10-Kan plate) was chosen and frozen 
down as mutant stock without pJV62.  
 
2.6.6 Generation of relA strain and the complemented strain 
The marked relA knockout strain (relA) was generated using gene 
replacement recombineering strategy adapted from van Kessel et al. (126). 
Briefly, a double-stranded DNA (dsDNA) allelic exchange substrate (AES) 
containing ~500bp sequences homologous to up- and down-stream the target 
locus flanking a Hyg resistance cassette was transformed into 
electrocompetent M. smegmatis cells with pJV53 (a plasmid containing 
mycobacteriophage Che9c gp 60 exonuclease and Che9c gp 61 recombinase) 
(Fig. 2-1). The mutated strain was further selected on antibiotic plates and 
screened as demonstrated in the following sections. All primers used are listed 
in Table 2-2 at the end of this chapter. PCR reactions in the following sections 
were done with Phusion high-fidelity DNA polymerase (Thermo Fisher 
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Scientific) according to manufacturers’ instruction. 
 
Fig. 2-1 Schematic for generation of marked relA knockout strain.  
A double-stranded DNA (dsDNA) allelic exchange substrate (AES) containing 
~500bp homology up- and down-stream the target locus that flanks a Hyg resistance 
cassette was transformed into electrocompetent M. smegmatis cells with pJV53. The 
AES will then replace the wild-type allele, resulting in a marked relA knockout strain. 
The pJV53 plasmid map is adapted from van Kessel et al. (126).  
 
2.6.6.1 Construct of AES for knockout 
The schematic of constructing AES for relA knockout strain is shown in 
Fig. 2-2. Using M. smegmatis gDNA as template, 500bp upstream 
MSMEG_2965 relA locus start codon was amplified with specific primers 
rel-D-FW1 which includes an AflII site and rel-D-RV1 which includes an XbaI 
site. Similarly, 513bp downstream relA but including the last 6 nucleotides in 
relA locus was amplified with specific primers rel-D-FW2 which includes a 
HindIII site and rel-D-RV2 which includes a SpeI site. Both amplifications 
resulted in a specific product thus was extracted using Qiagen PCR 
purification kit according to manufacturers’ instruction and eluted in 
nuclease-free water.  
The amplified relA upstream and downstream fragments were then 
sequentially cloned into pYUB854 (HgyR) plasmid between AflII - Xbal site 
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and HindIII - SpeI site flanking the Hyg resistance gene. 3μg of pYUB854 and 
2μg of relA upstream fragment was digested with AflII and XbaI for 3h and 
then gel purified. Digested plasmid and fragment were ligated overnight (16°C) 
at 1:1 ratio and then transformed to electrocompetent E. coli cells. Successful 
constructs were confirmed by single and double restriction digestion of 
extracted plasmids from the recovered E. coli colonies. Subsequently, 
confirmed pYUB854/up-relA construct and relA downstream fragment was 
digested with HindIII-HF and SpeI-HF. Digested plasmid was 
dephosphorylated with rSAP (New England Biolabs). The gel-purified 
plasmids and downstream fragments were ligated overnight at 1:3 ratio and 
transformed to electrocompetent E. coli cells. After verification of successful 
construct pYUB854/relA-updown, a 2.9kb dsDNA AES containing up- and 
down- stream homology region of relA flanking HygR cassette was then 
obtained by digesting the construct with AflII and SpeI-HF, followed by gel 
purification. Meanwhile, the AES was sequenced to assure that no error occurs 
in the up- and down-stream region.  
 
 
Fig. 2-2 Schematic of constructing relA dsDNA AES. 
The relA upstream and downstream region was amplified and sequentially cloned into 
pYUB854 plasmid between AflII - Xbal site and HindIII - SpeI site flanking the Hyg 
resistance gene. After verification, the correct construct pYUB854/relA-updown was 
digested with AflII and SpeI-HF followed by gel purification to obtain the desired 





2.6.6.2 Gene replacement recombineering 
100ng of the relA AES constructed in section 2.6.6.1 was transformed to 
electrocompetent M. smegmatis/pJV53 recombineering cells and plated on 
7H10-Hyg-Kan plates. Recovered transformants were restreaked on grid plates 
and screened using colony PCR by one pair of internal primers 
(rel-S-FW1/rel-S-RV1) and one pair of flanking primers (rel-flk-FW3/ 
rel-flk-RV3). Successful knockout strain was verified by sequencing 
(rel-flk-FW4/rel-flk-RV4) and plasmid pJV53 in this knockout strain was 
removed by serial passaging as described in section 2.6.5.4. Then the obtain 
relA strain was frozen down for future use.  
 
2.6.6.3 Construction of complementation vector 
For complementation, the M. tuberculosis relA gene which is highly 
conserved to M. smegmatis relA (90% amino acid sequence identity with 93% 
coverage) was cloned into the integrative plasmid pMV306 (KanR) to generate 
a complementation vector. Using M. tuberculosis gDNA (gift from Pooja 
Gopal) as a template, relA locus Rv2583 along with the upstream 260bp was 
amplified using rel-com-FW1 and rel-com-RV1 to introduce a HindIII site and 
KpnI site at N- and C-terminal, respectively. After digestion and purification, 
this fragment was ligated into digested, dephosphorylated and purified 
pMV306 between HindIII and KpnI sites. Upon verification and sequencing, 
the complementation vector pMV306/relAMtb was then transformed into 
electrocompetent relA strain. HygR and KanR colonies were further screened 
with primers rel-S-FW1 and rel-S-RV1 to assure the successful 
complementation. This complementation strain thus has a single chromosomal 
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copy of M. tuberculosis relA gene under its native promoter.  
 
Table 2-2 Primers used for generating relA nonsense mutant, relA KO mutant 
and the complemented strain. 
Primer Sequence (5’→3’) Tm(oC) 
rel-FW CCGAAGGAATTGACATCGC 56.5 
rel-b GTGACAACCATGGTCGACT 56.5 


























3  Mycobacterium smegmatis Differentiates into 
SMRCs and LARCs upon Starvation 
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Mu-Lu Wu, Martin Gengenbacher, Thomas Dick. Mild nutrient starvation 
triggers the development of a small-cell survival morphotype in mycobacteria. 
Frontiers in Microbiology. 2016; 7: 947. 
Mu-Lu Wu, Thomas Dick. Metabolic flexibility and morphological plasticity 





Based on the fact that B. subtilis and S. coelicolor only sporulate in gentle 
starvation conditions, we hypothesized that mycobacteria may also behave 
similarly, i.e. they may harbor a hidden morphological differentiation program 
that could be uncovered under gentle starvation conditions. To determine 
whether this is true or not, we added traces of nutrients into the standard 
starvation saline buffer. Briefly, we employed the mycobacterial model 
organism M. smegmatis and subjected it to either shock starvation in saline or 
gentle starvation in saline containing traces of carbon, and characterized the 
cell responses of M. smegmatis under these two different levels of starvation. 
 
3.1  Establishment of two different nutrient starvation 
models 
To study mycobacterial nutrient starvation responses, we first established 
two different starvation models with M. smegmatis. Exponentially growing M. 
smegmatis from 7H9 growth media were washed and then transferred to either 
phosphate-buffered saline (PBS) alone, or to PBS containing 0.025% Tween80, 
a fatty acid ester that can be hydrolyzed to fatty acid by mycobacteria (132, 
133). The number of viable cells was quantified by CFU plating over time. As 
expected, the starved bacteria stopped growing and maintained full viability 
for 14 days which was the duration of the experiment for both starvation 
conditions, except that the PBS-Tween80 starved cultures had a 3–4-fold 




Fig. 3-1 Survival curves of M. smegmatis under starvation conditions.  
(A) Survival curve of M. smegmatis under shock starvation in PBS. (B) Survival 
curve of M. smegmatis under gentle starvation in PBS-Tween80. Data shown are 
presented as mean ± sd and are representative of three biological replicates. 
 
3.2  Different levels of nutrient starvation triggers different 
responses in mycobacteria 
3.2.1 Mild starvation triggers the formation of small resting cells 
Microscopic observation of acid-fast stained culture samples was carried 
out to inspect if there are any differences in cell morphology under the two 
different starvation culture conditions. The non-replicating PBS-starved 
bacteria did not show any apparent morphological changes during two weeks 
(Fig. 3-2A). However, surprisingly, the long log-phase rods in PBS-Tween80 
media developed into small cells within the first 1–2 days of starvation and 
stayed as this small morphotype until 14 days (Fig. 3-2B).  
Subsequently, scanning electron microscopy imaging of log-phase bacilli 
versus 14-day PBS- and PBS-Tween80-starved cells confirmed the 
abovementioned microscopic observations (Fig. 3-2C). The PBS-treated 
cultures retained a shape and size similar to log-phase bacilli (4.1±1.1μm vs. 
5.2±0.9μm, see Fig. 3-3A/B for cell length distributions). In contrast, the 
gently starved bacilli were about 3- to 4-fold shorter with an average length of 
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1.4±0.3μm (see Fig. 3-3C for cell distribution). Note that whereas 
exponentially growing and PBS-starved cultures exhibited some degree of 
heterogeneity in cell length, the PBS-Tween80-starved cultures showed a high 
degree of homogeneity: >94% of the cells were of the small-cell morphotype 
(1.4μm). These results suggest that gentle nutrient starvation triggers the 
development of a new small-cell resting form in M. smegmatis. 
 
	
Fig. 3-2 Cell morphology of starved M. smegmatis.  
(A,B) Acid-fast staining images of (A) PBS- and (B) PBS-Tween80-starved bacteria 
at 9h, 24h and 14d. 0h is log-phase cultures. (C) Scanning electron microscopy 
images of log-phase, 14-day shock-starved and 14-day gently starved bacteria. The 
insets show zoomed in section. White scale bars correspond to 2μm. Representative 





Fig. 3-3 Cell length distributions in log-phase and 14-day starved cultures.  
(A) Log-phase cultures, (B) 14-day-old cultures starved in PBS, (C) 14-day-old 
cultures starved in PBS-Tween80. 85% of log phase cells had a length of 5.2±0.9μm. 
94% of PBS-Tween80-starved cells had a length of 1.4±0.3μm. 75% of PBS-starved 
cells had a length of 4.1±1.1μm. 120 cells were measured for each culture. 
 
To rule out the possibility that the development of small cells was specific 
to Tween80 as carbon source, we replaced this fatty acid ester with traces of 
glucose, glycerol or acetate, respectively. Fig. 3-4 depicts conversion of the 
cultures to the small-cell morphotype for these other carbon sources, 
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suggesting that the generation of the small-cell morphotype was independent 
of the nature of the carbon sources.  
 
Fig. 3-4 Survival curves and cell morphology of M. smegmatis starved in PBS 
containing traces of glucose, glycerol or acetate.  
Tween80 was replaced by 0.005% glucose (A,B), 0.005% glycerol (C,D) or 0.005% 
acetate (E,F). (A,C,E) Survival curves of cultures over 14 days (mean ± sd). (B,D,F) 
Microscopic images of acid-fast stained 14-day-old cultures. (G,H) Microscopic 
images of acid-fast stained log-phase (G) and 14-day-old PBS-Tween80 starved 
cultures (H) are shown as reference. Images shown are representative fields. Black 
scale bars on the figures correspond to 10μm. Note: The specific carbon source 
concentrations chosen were the result of titration experiments: higher concentrations 
did not result in the formation of the small-cell morphotype. 
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To determine whether the gentle-starvation induced formation of small 
resting cells is exclusive to M. smegmatis, we carried out starvation 
experiments with other mycobacteria. Fig. 3-5 shows that gentle-starvation 
induced small-cell formation could also be observed for Mycobacterium 
fortuitum and Mycobacterium peregrinum, suggesting that this 
starvation-induced differentiation response is a trait shared by other 
mycobacterial species.  
 
 
Fig. 3-5 Cell morphology and survival curves of (A) M. fortuitum and (B) M. 
peregrinum starved in PBS-Tween80.  
Microscopic images shown are representative fields of acid-fast stained log-phase and 
14-day-old PBS-Tween80 starved cultures. The CFU determinations were carried out 
three times and a representative example is shown (mean ± sd). 
	
Taken together, the comparative starvation experiments revealed that the 
non-differentiating mycobacteria actually underwent morphological 
differentiation when exposed to mild starvation conditions: Traces of a carbon 
source in saline resulted in the generation of a novel Small Resting Cell 
morphotype (SMRC). The development of SMRCs was carbon source 
independent, i.e. it could be triggered by PBS with traces amount of Tween80, 
glucose, glycerol or acetate. Formation of SMRCs could also be observed for 
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other mycobacteria, suggesting a broader occurrence of this new 
differentiation pathway. In contrast, shock starvation did not result in any 
apparent morphological changes and the cultures showed structurally 
unaltered Large Resting Cells, LARCs.  
 
3.2.2 Small resting cells grow out to large cells before resuming cell 
division 
Hypothesizing that the 1.4μm mini-rod SMRCs represent a form of 
specialized resting cell, we expected that SMRCs would grow out to 
log-phase-length bacilli before resuming multiplication. To determine whether 
SMRCs indeed exhibit ‘germination-like’ regrowth behavior, we resuscitated 
the 14-day-old SMRCs by transferring them into nutrient media 7H9. As 
shown in Fig. 3-6A, the reactivated culture exhibited a lag phase of 6h without 
increase in CFUs. During this lag phase, all SMRCs converted into large cells 
similar to log-phase bacilli (Fig. 3-6B, upper panel), and only after cell length 
extension an increase in CFU was observed. This result suggests that the 
SMRC morphotype itself is not multiplication proficient but rather represents 
a specialized resting cell type, which needs to grow out to a ‘vegetative’ cell 
before resuming cell division. Regrowth experiments of LARCs in nutrient 
broth showed a somewhat shorter lag phase before CFU numbers increased 
(Fig. 3-6A), but no apparent cell size changes occurred during regrowth of 
LARCs (Fig. 3-6B, lower panel). 
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Fig. 3-6 Regrowth curves and cell morphology of 14-day-old PBS-Tween80 
(SMRCs) or PBS (LARCs) starved M. smegmatis after transferred to nutrient 
media.  
(A) Regrowth curves of starved bacilli after transferred to 7H9 media over time. The 
experiments were performed three times in triplicates and a representative example is 
depicted showing means with standard deviations. (B) Microscopic images of 
acid-fast stained bacilli sampled at indicated time points upon resuscitation. 
Representative fields are shown. 
	
3.3  Cellular mechanisms of the development of the small 
and large resting cells 
3.3.1 Small resting cells develop via septated, multi-nucleoided cells 
As described above, M. smegmatis generated a specialized small resting 
cell morphotype SMRC when exposed to gentle starvation. Next, we asked the 
question how are SMRCs developed? To dissect the cellular mechanisms of 
SMRC formation from vegetative log-phase cells, we carried out fluorescence 
microscopic analyses of M. smegmatis transferred to PBS-Tween80. DAPI and 
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FM4-64 were used to visualize DNA or membrane, respectively. Fig. 3-7A(a) 
shows that a large fraction of log-phase cells formed septated, di- and 
tetra-nucleoided cells during the first 6h. After 24h most of the culture 
consisted of a population of mono-nucleoided small cells (see Table 3-1 for 
quantification). These results suggest that SMRCs are generated in a two-step 
process: Log-phase cells first differentiate into septated, multi-nucleoided cells, 
which then divide to generate separated daughter SMRCs. The expected 
corresponding slight increase in cell number during the initial phase of 
PBS-Tween80 starvation can actually be observed in Fig. 3-1: Gentle 
starvation resulted in a 3- to 4- fold increase in CFUs during the first 2 days of 
starvation, after which the cell number stayed constant. 
	
Fig. 3-7 DNA and membrane visualization of gently starved and shock-starved M. 
smegmatis.  
Log-phase cultures were subjected to gentle and shock starvation. Samples were 
collected over time and stained with DAPI (blue) to visualize DNA and FM4-64 (red) 
to visualize membranes. (A) Fluorescence microscopy imaging of samples taken 
during the first 24h of starvation. (B) Confocal microscopy imaging of DAPI and 
FM4-64 stained log-phase (left), 14-day-old shock-starved (middle) and gently 
starved (right) bacilli. Arrows indicate septa. Fields shown are representative.  
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3.3.2 Shock-starved large resting cells remodel their interior to a 
septated, multi-nucleoided cell form 
The same fluorescent probes were applied to PBS shock-starved M. 
smegmatis as well. Surprisingly, these externally unaltered shock-starved 
bacilli formed septated, di- and tetra-nucleoided cells within the first 6h of 
starvation (Fig. 3-7A(b)), similar to the gently starved bacilli. In 14-day-old 
cultures, 76% of the cells are septated multi-nucleoided (Fig. 3-7B (middle), 
see Table 3-1 for quantification). Thus, in fact, LARCs are not simply 
growth-arrested log-phase cells as could have been concluded from the 
scanning electron microscopic analyses in section 3.2.1. Rather, the generation 
of LARCs involves an internal remodeling of cells to septated, 
multi-nucleoided forms.  
The finding that a septated, multi-nucleoided cell form represents on the 
one hand an apparently terminally differentiated cell form in the case of LARC 
development, and on the other hand an intermediate cell stage during SMRC 
development, suggests that both SMRC and LARC development involves a 
partially overlapping regulatory program. 
 
Table 3-1 Distribution of mono- and multi-nucleoided cells in PBS and 
PBS-Tween80 starved cultures over time. 
	
a Number of cells quantified in each sample. 
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3.4  Small resting cells, similar to large resting cells, exhibit 
reduced metabolism, elevated general stress resistance and 
extreme antibiotic tolerance  
Reduced metabolic activity and elevated general stress resistance are 
hallmarks for starvation-induced resting cells of all bacteria (134). This has 
also been demonstrated previously for PBS-starved M. tuberculosis. Bacilli in 
this non-replicating state are characterized by a reduced intracellular ATP 
concentration, reduced oxygen consumption, and increased survival under 
various stress conditions including acidic pH, detergent, oxidative stress, 
anaerobiosis as well as antibiotic stress (44-47, 103-105). We interrogated 
whether these adaptations could also be observed for M. smegmatis LARCs 
and the new SMRC morphotype, and moreover whether SMRCs and LARCs 
exhibited similar physiological state. To this end, we performed the following 
experiments on 14-day-old starved cultures along with log-phase bacilli: i) 
measurement of intracellular ATP concentration; ii) determination of 
respiration rate; iii) susceptibility for stress tolerance and antibiotic exposure; 
iv) assessment of intracellular lipid storage. 
 
3.4.1 SMRCs and LARCs both have similar but reduced metabolism 
Reduction in intracellular ATP levels has been reported for both 
nutrient-starved and hypoxia-induced non-replicating M. tuberculosis (47, 
135), suggesting it is a general theme for mycobacteria during adaptation to 
resting states. To determine whether this is the case for SMRCs and LARCs, 
we measured the amount of ATP using a commercial kit according to 
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manufacturer’s instruction and normalized it with CFU. Intracellular ATP level 
dropped 2-fold from (2.86±0.52) × 10–18 mol/CFU in log-phase cultures to 
(1.39±0.04) × 10–18 mol/CFU in PBS-starved cultures. In PBS-Tween80 
-starved cultures, ATP dropped 9-fold to (3.16±1.03) × 10–19 mol/CFU. 
Considering the 3- to 4-fold smaller size of SMRCs compared to LARCs, this 
result suggests that overall both starved cell types exhibited a similar, of about 
2-fold reduced, intracellular ATP concentration.  
In terms of the respiration rate, ~107 cells of 14-day-starved cultures, 
along with exponentially growing cultures and 7H9 media control, were 
shifted to anaerobic jar (0h). The atmospheric oxygen in the jar was depleted 
by AnaeroGen gas pack within 3h. Addition of methylene blue indicates the 
oxygen amount remaining in each culture, as the dye decolorizes when the 
oxygen in the liquid phase is used up, and can thus qualitatively reflect the 
respiration rate of the bacilli. As shown in Fig. 3-8, 7H9 media without 
bacteria did not decolorize within 24h, the period of study. This suggests that 
the decolorization of methylene blue in tubes with cultures is indeed due to 
bacterial respiration. Methylene blue in log-phase cultures decolorized rapidly 
within 9h. However, both LARCs and SMRCs cultures did not decolorize until 
24h, indicating reduced and similar oxygen consumption of both starved cell 
types.  
In sum, SMRCs, similar to LARCs, showed reduced intracellular ATP 
level and respiration rate when compared to log-phase bacilli. But they still 
maintained a basal level of metabolism, as reported for other non-replicating 




Fig. 3-8 Oxygen consumption of log-phase cultures vs. 14-day-old PBS- or 
PBS-Tween80-starved cultures.  
2 ml log-phase cultures in 7H9, 14-day-old shock-starved cultures (LARCs) and 
14-day-old gently starved cultures (SMRCs) were transferred to an anaerobic jar after 
adding the oxygen indicator methylene blue (0h). Decolorization over time, a 
qualitative measure of oxygen consumption, is shown. 7H9 media without bacteria 
were used as negative control.  
 
3.4.2 SMRCs and LARCs both have high tolerance to extreme stresses 
Resting cells usually exhibited elevated stress tolerance (44, 47, 105). To 
determine whether SMRCs and LARCs are more resistant to environmental 
stresses, we subjected 14-day starved cultures and log-phase cultures to 
various stresses. Survival of cells after treatment was determined by CFU 
quantification. As expected, SMRCs, again similar to LARCs, displayed 
increased survival (at least 10 times better) under acidic stress (Fig. 3-9A), 
detergent exposure (Fig. 3-9B), oxidative stress (Fig. 3-9C) and anaerobiosis 




Fig. 3-9 Stress tolerance of LARCs and SMRCs in comparison with log-phase M. 
smegmatis.  
(A,B,C) CFU determinations after exposure of 14-day-old starved cultures to acidic 
stress (pH 1.5, 20min), detergent stress (0.5% SDS, 30min), or oxidative stress 
(10mM H2O2, 1h). All cultures were adjusted to ~107 CFU/ml before treatment. 
Survival CFUs after exposure to stresses were normalized to 107 CFU/ml (control). 
(D) Survival curves of starved cultures exposed to anaerobiosis using anaerobic jars. 
Data shown are means and standard deviations from 3 independent biological 
replicates. 
	
Apart from environmental stress, we also subjected the starved cultures to 
a panel of widely used antibiotics at a concentration of 100μM. After 24h 
incubation, the viability was determined and fold kill was calculated by 
comparing survival CFU (CFU/ml after drug treatment) with the initial 
inoculum (~106 CFU/ml). Higher fold kill indicates more killing and less 
survival, thus suggesting the bacilli are more susceptible to the antibiotic. As 
shown in Table 3-2, while log-phase cultures were killed by the tested 
antibiotics, both types of resting cells were tolerant. Most of drugs lost their 
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cidal activity on the starved cultures. SMRC lost antibiotic susceptibility 
completely with the exception of moxifloxacin (belonging to the 
fluoroquinolone class, will be discussed in Chapter 6). This phenotypic drug 
resistance could be due to reduced drug uptake (45) or change in the drug 
target (e.g. absence of cell wall synthesis in non-replicating starved cells might 
result in the lack of efficacy of isoniazid which targets cell wall biosynthesis) 
(105).  
 
Table 3-2 Drug susceptibility of 14-day-old PBS-Tween80 (SMRCs) and PBS 




SMRCs LARCs Log-phase 
Moxifloxacin 13 65 >50,000 
Isoniazid 1 2.5 60 
Ethambutol 1 3 20 
Rifampicin 1 2.5 40 
Linezolid 1 2.8 30 
Clarithromycin 1 3 14 
a All drugs were tested at 100μM and incubated for one day.  
b Fold kill was calculated by comparing survival CFU with the starting inoculum 
(~106 CFU/ml). ‘1’ means no apparent kill.  
 
Collectively, these results suggest that similar to other bacterial resting 
cells, both SMRCs and LARCs have increased general stress tolerance 
including extreme antibiotic tolerance compared to the exponentially growing 
bacilli.  
	
3.4.3 SMRCs contain lipid storage bodies and show prolonged 
starvation survival as compared to LARCs 
Mycobacteria growing in nutrient broth accumulate intracellular lipid 
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bodies as storage material (136). To determine how different starvation 
conditions affect lipid storage, we stained the log-phase and starved cultures 
with Nile red to visualize lipid inclusions. As expected, log-phase M. 
smegmatis contained a large number of lipid bodies (Fig. 3-10A). No lipid 
inclusions were detectable in PBS shock-starved cells (Fig. 3-10A). In contrast, 
even after 14 days of starvation, SMRCs still retained some lipid droplets (Fig. 
3-10A). 
Based on the observation that SMRCs retained lipid inclusions, we 
hypothesized that the small resting cells would display better long-term 
starvation survival compared to LARCs. Data in Fig. 3-10B confirmed our 
prediction. SMRC cultures maintained an almost constant CFU over 6 months 
of starvation, whereas LARC cultures showed a 60-fold drop in viable 
numbers over the same period of time. We conclude that SMRCs are better 
adapted to survive long-term starvation most probably due to their ability to 
maintain the intracellular lipid droplets. 
	
	
Fig. 3-10 Fat storage in SMRCs and LARCs.  
(A) Confocal microscopy imaging of Nile red (green) stained log-phase bacilli and 
14-day-old starved bacilli to visualize lipid bodies. Fields shown are representative. 
(B) Long-term starvation survival curves of bacilli starved in PBS and PBS-Tween80 




3.5  Discussion  
3.5.1 Nutrient-starvation induced cellular differentiation in 
mycobacteria 
Mycobacteria are very hardy and can for instance survive shock starvation 
in saline in a non-replicating state without any apparent morphological 
differentiation (45). Here we decided to have another look at this adaptation 
but shifting ‘the cone of the streetlight’ (137): Rather than shock-starving the 
bacilli in saline, we added traces of a carbon source to the saline. This idea 
was inspired by the lesson learnt from the sporulation process in B. subtilis 
and S. coelicolor. Spore formation is triggered under starvation. However, 
these differentiating bacteria first confirm availability of carbon sources before 
committing to the energy consuming and rather lengthy sporulation process 
(111, 114). Intriguingly, traces of a carbon source added to M. smegmatis in 
saline, i.e. gently as opposed to shock-starving the organism, caused the 
formation of a small-cell morphotype. Deviating from the standard log-phase 
cell division cycle, at first, septated multi-nucleoided resting cells were formed. 
Subsequently, these intermediate cells underwent cell division and generated 
short mini rods with increased long-term viability. Upon addition of nutrient 
media, these small resting cells grew back to larger standard cells before 
commencement of the regular cell division cycle. We termed these specialized 
resting cells SMRCs, avoiding the word ‘spore’ to prevent any confusion with 
Bacillus endospores or Streptomyces exospores. Nevertheless, the superficial 
resemblance with exospore formation in Streptomyces – septation of 
multi-nucleoided cells followed by cell separation, is intriguing (138). 
Development of SMRCs could also be observed for other mycobacteria, 
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suggesting a broader presence of this new differentiation program in this genus. 
Surprisingly, saline shock-starved LARCs, which did not show any apparent 
cell changes in size or surface by scanning electron microscopy, underwent 
remodeling of their internal structure to the septated multi-nucleoided cells 
occurring during differentiation to SMRCs.  
Taken together, our observations suggest that mycobacteria harbor a 
starvation-induced differentiation program in which septated multi-nucleoided 
cells are generated firstly. Under zero-nutrient conditions, the bacilli terminate 
development at this stage as LARCs. In the presence of traces amount of a 
carbon source, these multi-nucleoided cells continue to differentiate: They 




Fig. 3-11 Nutrient-starvation induced differentiation in M. smegmatis.  
Model depicting starvation-induced differentiation of log-phase cells first into 
septated multi-nucleoided cells. Under zero-nutrient starvation (PBS), development 
stops here as LARCs. In the presence of traces of a carbon source (PBS-Tween80), 
these septated multi-nucleoided intermediates undergo cell division and separate into 
small resting cells (SMRCs). Blue: DNA, red: septa, black: cell envelope. Arrows 
indicate polar growth of log-phase cells. 
 
What could be the underlying rationale for shock-starvation induced 
LARC and gentle-starvation induced SMRC formation? And how is this 
related to log-phase cell division cycle? In nutrient-rich environments where 
canonical cell division is ongoing, mycobacteria undergo a process of 
chromosome replication, cytokinesis, septation, initiation of constriction, and 
physical separation (49). M. smegmatis has an average generation time of 
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~180min, out of which approximately 140min is spent in the chromosome 
replication phase (the C period) (139). Moreover, studies have shown that 
some of these phases can be overlapping. Population-based study done by 
Santi et al. reported that 78% of log-phase M. smegmatis cells initiated DNA 
replicating in the daughter chromosomes prior to mother cell cytokinesis (49, 
139, 140), thus leaving most of the C-period log-phase cells with two 
replicating chromosomes (i.e. 4 copies of DNA). This is consistent with the 
observed predominance of multi-nucleoided cells in LARCs and the 
LARC-like cell intermediates observed during SMRC development. Upon 
sensing nutrient deprivation, the C-period cells harboring one or two 
replicating chromosomes appear to complete their ongoing DNA syntheses, 
segregate their chromosomes and form septa, i.e. they form compartments 
containing a single compacted chromosome each. Cells cultured in PBS stop 
at this stage as LARCs, likely because they run out of their intracellular stored 
carbon source (lipid bodies) required for synthesis of the highly massive 
mycobacterial cell envelope (cell envelope material comprises 60% of the dry 
weight of mycobacteria cells, as compared to 10% in E. coli (141, 142)). In 
contrast, the septated multi-nucleoided cells in PBS-Tween80 appear to sense 
the traces of available carbon sources allowing the completion of cell envelope 
synthesis and physical separation. By increasing cell numbers, this step may 
enable the microorganism to spread to favorable environments. Furthermore, 
SMRCs are equipped with a longer half-life compared to LARCs, which is 
likely due to their ability to maintain lipid droplets as a form of energy storage. 
These two survival advantages of SMCRs over LARCs – higher number of 
cells to land on spots with favorable microenvironments and longer half-life – 
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may be the evolutionary rationale for favoring SMRC development taking 
place when the environment provides traces of carbon allowing the cells to 
complete cell envelope synthesis and cell separation.   
 
3.5.2 Mycobacterial morphological plasticity 
As reviewed in section 1.1.2.1, the most widely appreciated bacterial 
resting survival form is presented by the extremely resistant B. subtilis 
endospore. In 2009, Ghosh et al. reported the discovery of endospores in ‘old’ 
cultures of Mycobacterium bovis BCG and Mycobacterium marinum, and 
described striking similarities to B. subtilis endospores regarding structure 
(spore coat), properties (spore staining, heat resistance) and chemical 
composition (dipicolinic acid) (143). This finding was later rejected by Traag 
et al. who pointed out that mycobacteria lack critical orthologues of highly 
conserved endospore genes (144). Nevertheless, in 2012, Lamont et al. (145) 
again reported similar endospore formation, this time in M. avium subsp. 
paratuberculosis. Thus, development of specific Bacillus-like endospores by 
mycobacteria remains controversial, but appears rather unlikely (145, 146).  
Though mycobacteria are generally considered non-differentiating, 
isolated reports have described various unusual mycobacterial cell shapes in 
vitro and in vivo (reviewed in (146)). Small, ovoid ‘viable but non-culturable’ 
forms have been observed in M. smegmatis after prolonged non-agitated 
nitrogen-limited minimal medium stationary phase cultures (44, 108), and in 
M. tuberculosis after gradual acidification (147). Small round cells were 
reported for M. tuberculosis under particular anaerobic culture conditions 
(148). Interestingly, cells smaller in size were also reported in a carbon-limited 
64 
	
continuous culture model (110), suggesting that mycobacteria are capable of 
generating small replicating cells. Unusual small cells were observed under 
certain in vivo conditions as well. For instance, filterable mini-forms of M. 
tuberculosis were isolated from guinea pigs and from patients suffering from 
extensively drug-resistant (XDR) tuberculosis after 3 to 6 months of treatment 
(149). Small round cells inside rod-shaped cells were detected in XDR strains 
(150). Different mechanisms have been proposed for the formation of smaller 
cells, including folding and budding types of cell division (148). In addition, it 
is worth mentioning that not only smaller than usual, but also larger 
morphotypes have been reported. For instance, longer filamentous forms of M. 
tuberculosis have been described in interferon-γ activated macrophages (151). 
Taken together, a number of reports have described the observation of 
uncommon morphotypes under various in vitro and in vivo conditions. In 
general, these processes are not well defined: neither the cellular nor 
molecular mechanisms generating these unusual morphotypes are understood. 
Nevertheless, these observations point to a significant morphological plasticity 
in mycobacteria. 
In this chapter, based on the classical PBS Loebel starvation model, we 
shifted ‘the cone of the streetlight’ by adding traces of a carbon source into 
PBS, and surprisingly a new small-cell morphotype was uncovered. The 
cellular mechanism underlying this differentiation process is studied and the 
physiological adaptations accompanying this cellular differentiation process 
are also characterized. The discovery of SMRCs demonstrates that the 
non-differentiating mycobacteria are in fact capable of undergoing 
morphological differentiation into resting cells. In addition, the fact that a new 
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morphotype can be so easily generated by slight changes in culture conditions 








4  Developmental Transcriptome Studies Correlate 
with the Observed Cellular Morphological 
Differentiation Program 
	









Results in this chapter have been published in the following paper: 
Mu-Lu Wu, Martin Gengenbacher, Jade C.S. Chung, Swaine Lin Chen, 
Hans-Joachim Mollenkopf, Stefan H.E. Kaufmann, Thomas Dick. 
Developmental transcriptome of resting cell formation in Mycobacterium 




In the previous chapter, we showed for M. smegmatis that gentle 
starvation in PBS with traces of carbon triggers the development of 
mono-nucleoided SMRCs, with septated multi-nucleoided cells as 
intermediates. Shock starvation in zero-nutrient PBS resulted in 
morphologically apparently unaltered log-phase sized resting cells with 
interior remodeling: They formed septated multi-nucleoided resting cells, 
LARCs. In contrast to the replicating bacilli, both SMRCs and LARCs have 
condensed nucleoids, reduced metabolism and increased stress tolerance. 
Based on the large similarities between LARCs and the LARC-like cell 
intermediates observed during SMRC development, we proposed that 
mycobacteria harbor a largely overlapping starvation induced genetic program 
that controls the formation of both LARCs and SMRCs.  
Here we carried out comparative transcriptome analyses of SMRCs and 
LARCs during development and addressed three questions: is there indeed a 
defined genetic program underlying this cellular differentiation process? If yes, 
do the developmental transcriptional profiles correlate with the cellular 
observations described in Chapter 3, and could we identify potential regulators 
that govern this program?  
	
4.1  Experimental setup for RNA-seq experiments 
Exponentially growing M. smegmatis in growth media 7H9 (0h sample, 
baseline) was transferred to either PBS or PBS-Tween80. As mentioned in 
section 3.3, 1h and 3h starved cultures under both shock and gentle starvations 
formed intracellular septa. At 24h after starvation, the formation of SMRCs 
and LARCs was largely completed and the cells did not undergo further 
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changes (at least microscopically) until 14 days. RNA samples from three 
biological replicates were collected accordingly at these specific time points to 
capture the transcriptional profiles of these critical moments: after 1h and 3h 
of starvation to capture immediate responses to nutrient limitation; and after 
24h when LARC formation in PBS cultures and SMRC formation in 
PBS-Tween80 cultures are largely completed; and 14-day-old starved cultures 
were sampled to determine long-term gene expression profiles.  
A gene was identified as ‘significantly differentially expressed’ when its 
mRNA level was at least 2-fold up- or down-regulated compared to the 0h 
baseline (P-value<0.001).  
	
4.2  Global transcriptional responses to shock and gentle 
starvation  
Overall, we observed dramatic transcriptional changes upon starvation; 
approximately 1/3 of all genes showed significant changes in expression at 
some point during the two-week study period (Table 4-1, Table 4-2). The 
global shift in gene expression is even more remarkable in SMRC 
development that 45% of the whole genome is differentially expressed at 24h 
(Table 4-1). Enrichment of gene functional categories based on COG analyses 
and KEGG pathway enrichment offered little insight into the SMRC/LARC 
developmental program as no specific functional categories or pathways were 
significantly enriched.  
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Table 4-1 Functional classification of gene numbers up- and down-regulated during gentle starvation in PBS-Tween80 
Functional classificationa 
No. of genesb 
Total 1h  3h  24h  14d 
Up Down  Up Down  Up Down  Up Down 
Whole genome 6716 1185 1236  1212 1206  1509 1563  1476 1432 Energy production and conversion 510 65 76  71 88  98 77  108 84 Amino Acid metabolism and transport 500 107 71  117 82  106 85  97 72 Nucleotide metabolism and transport 103 26 27  21 16  16 29  14 22 Carbohydrate metabolism and transport 434 46 88  76 62  54 53  66 59 Coenzyme metabolism and transport 212 25 42  18 50  22 59  34 44 
Lipid metabolism and transport 505 38 82  34 76  57 72  69 66 Inorganic ion transport and metabolism 282 34 55  35 53  48 49  54 65 Secondary metabolites biosynthesis, transport, catabolism 408 38 62  49 64  68 46  60 55 RNA processing and modification 18 4 0  5 2  4 2  2 2 Chromatin structure and dynamics 1 1 0  0 0  0 0  0 0 Translation, ribosomal structure and biogenesis 185 9 92  12 97  11 99  11 39 Transcription 600 113 51  97 48  79 42  95 51 Replication and repair 210 23 32  22 44  16 29  9 41 Cell cycle control, cell division, chromosome partitioning 30 6 6  7 2  1 5  0 4 Cell wall/membrane/envelop biogenesis 179 21 27  24 21  27 32  18 36 Protein export 10 0 1  1 1  2 1  1 1 Posttranslational modification, protein turnover, chaperones 139 23 21  16 23  16 30  18 29 Signal transduction mechanisms 187 37 15  55 10  54 11  50 19 Intracellular trafficking and secretion 28 3 7  2 7  1 9  1 5 Defense mechanisms 53 9 6  7 7  6 10  8 13 General functional prediction only 858 106 117  109 130  100 126  99 127 Function unknown 408 69 46  64 53  44 57  38 70 Not in COGs 856 300 181  269 185  290 176  263 198 
a According to COG (clusters of orthologous groups) from NCBI NC_008596.gff. 
b Number of genes showing significant expression changes (>2-fold up- or down-regulation and a P-value<0.001 and false detection rate<0.005).
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Table 4-2 Functional classification of gene numbers up- and down-regulated during shock starvation in PBS 
Functional classificationa 
No. of genesb 
Total 1h  3h  24h  14d 
Up Down  Up Down  Up Down  Up Down 
Whole genome 6716 1000 1102  985 1091  1013 1015  1105 1091 Energy production and conversion 510 71 68  83 84  84 75  104 78 Amino Acid metabolism and transport 500 90 79  89 72  60 102  66 112 Nucleotide metabolism and transport 103 21 27  20 26  11 29  7 29 Carbohydrate metabolism and transport 434 60 57  64 66  61 54  56 57 Coenzyme metabolism and transport 212 19 50  22 47  22 42  24 38 
Lipid metabolism and transport 505 48 78  36 78  79 60  106 59 
Inorganic ion transport and metabolism 282 34 53  32 62  35 61  37 62 
Secondary metabolites biosynthesis, transport, catabolism 408 52 57  43 58  64 41  83 45 
RNA processing and modification 18 2 1  4 2  2 2  2 2 
Chromatin structure and dynamics 1 0 0  0 0  0 0  0 0 
Translation, ribosomal structure and biogenesis 185 12 97  9 95  7 90  8 67 
Transcription 600 104 52  107 41  122 45  141 41 
Replication and repair 210 20 55  30 38  11 38  8 34 
Cell cycle control, cell division, chromosome partitioning 30 3 8  5 4  3 5  2 8 
Cell wall/membrane/envelop biogenesis 179 29 26  22 26  17 28  13 32 
Protein export 10 0 2  0 2  0 2  0 0 
Posttranslational modification, protein turnover, chaperones 139 18 27  25 25  25 31  22 33 
Signal transduction mechanisms 187 26 24  41 15  55 18  42 18 
Intracellular trafficking and secretion 28 2 6  3 7  3 7  3 4 
Defense mechanisms 53 11 9  7 7  8 9  7 10 
General functional prediction only 858 121 106  109 113  103 110  115 115 
Function unknown 408 59 52  63 52  58 64  44 61 
Not in COGs 856 277 266  255 260  278 284  355 269 
a According to COG (clusters of orthologous groups) from NCBI NC_008596.gff.  
b Number of genes showing significant expression changes (>2-fold up- or down-regulation and a P-value<0.001 and false detection rate<0.005). 
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To examine relationships between overall transcriptional patterns among 
the individual time points, we used multidimensional scaling (MDS) on the 
500 genes with the highest variation in expression (at any time point or 
growth condition in our data set). The scree plot of variance (Fig. 4-1) 
demonstrates that the first two dimensions of the MDS capture 77% of the 
total variance. Therefore, we focused the rest of our MDS analysis on these 
first two dimensions, as projection onto the first two dimensions provides a 
visualization that maximizes the separation between all the data points (Fig. 
4-2).   
 
   
 
Fig. 4-1 Scree plot for the multidimensional scaling analysis of top 500 
modulated genes common in LARCs and SMRCs development.   
This figure was generated by Dr. Jade Chung as part of our collaboration on 
bioinformatics analysis of the RNA-seq data.  
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Fig. 4-2 Multidimensional scaling plot using the top 500 modulated genes over 
the development of SMRCs (red symbols) and LARCs (blue symbols). 
Dimension 1 represents principal component 1 which explained 45% of variance. 
Dimension 2 represents principal component 2 which explained 32% of variance. 
Points with same color and symbol represent the three biological replicates carried 
out for the RNA-seq analyses. Arrows indicate the development of SMRCs and 
LARCs over time (0, 1, 3, 24h, and 14d). Multidimensional scaling analysis was 
done in collaboration with Dr. Jade Chung and Dr. Swaine. 
	 	
From this visualization, we find that, as expected, all the log-phase 
samples are ‘close’ to each other in this scatter plot, indicating that they are 
generally similar in their expression of these 500 genes. 1h and 3h starved 
cultures, in which the bacilli under both starvation conditions terminate 
growth and start septum formation, chromosome segregation and 
condensation to form septated multi-nucleoided cells, show profiles similar to 
each other. 24h starved cultures, when bacilli under both starvation 
conditions have mostly completed their microscopically observable 
differentiation into LARCs and SMRCs, show distinct transcription profiles. 
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Consistent with the morphological observations suggesting that 
differentiation is largely completed within 24h after the onset of starvation, 
expression profiles between cells starved for 24h and 14d are generally 
similar in this visualization. There is a small shift in the transcriptional 
profiles from 24h to 14d for SMRCs, which may be indicative of additional 
developmental changes after formation of the mono-nucleoided cells that are 
not microscopically observable. In contrast, the 24h and 14d LARC samples 
are closely clustered; further examination of similar plots out to MDS 
dimension 5 (accounting for a total of 95% of the total variance) shows that 
these samples remain clustered as closely as the biological replicates of the 
0h samples (data not shown). 
Taken together, the multidimensional scaling analysis suggests a very 
similar transcriptional response in the early phase of LARC and SMRC 
formation, consistent with an early common response to starvation – the 
beginning of the formation of septated multi-nucleoided cells under both 
starvation conditions. After 24h, when the microscopically observable 
differentiation into LARC and SMRC is largely completed, the respective 
transcriptional patterns are distinct and do not change in an appreciable way 
over the next two weeks.  
   
4.3  Comparative transcriptional responses of selected 
genes 
After a global view of the overall transcriptional profiles of shock and 
gently starved bacteria, we then performed in-depth comparative analyses of 
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some selected genes to gain better insight into this differentiation program. 
Heatmap figures in this section depict changes of transcript levels for 
selected genes over time to illustrate the largely similar kinetics in shock and 
gently starved cultures. 
	
4.3.1 Starved cells shut down major cellular activity upon starvation 
Upon shifting to starvation conditions, DNA replication functions 
(replication initiation protein DnaA, DNA polymerase subunit beta DnaN) 
were immediately downregulated (Fig. 4-3A), consistent with the observed 
starvation-induced termination of growth. Meanwhile, translation (elongation 
factor Tu, ribosomal protein L16 and S11) and transcription (RNA 
polymerase subunit alpha, DNA gyrase) functions also came down 
dramatically (Fig. 4-3A), indicating an overall shut down of major cellular 
activities.  
Similarly, genes involved in energy metabolism were largely 
downregulated as illustrated by the reduction in mRNA level of ATP synthase 
subunits, e.g. AtpA (Fig. 4-3B), consistent with the observed reduced ATP 
level and oxygen consumption rate observed in both types of starved cultures. 
Interestingly, genes encoding the subunits of the hydrogenase Hyd2, were 
strongly upregulated in both starved cultures from 24h onwards (Fig. 4-3B). 
These gene products were recently shown to be upregulated in growing 
carbon-limited M. smegmatis cultures, and to oxidize atmospheric H2 and 






Fig. 4-3 Transcript changes over time of (A) translation, transcription, and 
DNA replication related genes, and (B) energy metabolism related genes in 
gently (PBS-Tween80) and shock (PBS) starved M. smegmatis cultures.  
 
4.3.2 Cell division functions and lipid inclusion associated genes 
correlate with the observed cellular differentiation processes 
Septum formation functions (Z ring protein FtsZ, cell division protein 
FtsW and penicillin-binding protein PBPB which form a septation complex 
(153)) were strongly upregulated in the starved non-growing cultures during 
the first 3h even compared to that in the actively replicating log-phase 
cultures (Fig. 4-4A). This is consistent with the observed onset of 
intracellular septum formation in LARC and SMRC cultures during that time 
(Fig. 3-7A). Concurrently, transcripts of FtsK, a DNA translocase helping 
translocate any residual DNA out of the closing septum (154), is also 
increased (Fig. 4-4A). Additionally, expression of RipA, the peptidoglycan 
hydrolase essential for the physical separation of daughter cells (155), is 
significantly upregulated during SMRC formation at 3h but not in LARC 
formation (Fig. 4-4A), implying the preparation of septated multi-nucleoided 
cells in PBS-Tween80 for further dividing into the small-cell morphotype. 
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Noteworthy is an increase in the transcript level of the histone-like DNA 
binding protein Hlp during initial starvation (Fig. 4-4A), suggesting 
compaction of the chromosome (156, 157) in resting cells, and this is 
consistent with the observed DNA condensation detected in LARCs and 
SMRCs shown in Fig. 3-7B. Hlp upregulation was also observed previously 
when M. smegmatis shifted down to a non-replicating state induced by 
oxygen starvation (158).  
Consistent with the observed higher utilization rate of lipid storage 
bodies in LARCs (Fig. 3-10A), an upregulation of transcripts encoding 
β-oxidation enzymes (acyl-CoA dehydrogenase and enoyl-CoA hydratase) 
was observed to be more remarkable in LARCs when compared to SMRCs 
(Fig. 4-4B). In line with the shift to catabolism of fatty acid, gene expression 
of isocitrate lyase AceA involved in the glyoxylate shunt (47) was also 
increased (Fig. 4-4B), and likewise much more in LARCs.  
 
Fig. 4-4 Transcript changes over time of (A) cell division and (B) lipid body 
metabolism associated genes in gently (PBS-Tween80) and shock (PBS) starved 
M. smegmatis cultures.  
 
Taken together, the transcriptional profiles of the above-mentioned 




4.3.3 The dynamic transcriptional changes of regulatory genes suggest 
the existence of a starvation-induced genetic differentiation 
program     
The differentiation into LARCs and SMRCs requires signaling and 
transcription factors. Based on the overlapping cellular differentiation 
pathways suggested by the microscopic analyses in Chapter 3 and the 
similarities in gene expression changes over time, we expected largely 
overlapping patterns in the expression of regulatory genes. We analyzed the 
expression profiles of ~600 potential regulatory genes, and identified several 
candidates with potential regulatory functions in the cellular differentiation 
process. Fig. 4-5, depicting the changes in transcript levels of selected 
strongly modulated regulatory genes, demonstrates that there is indeed an 
overlapping differentiation program – with some noteworthy variation 
between the two developmental pathways.  
The expression of the transcription factor WhiB3 and an ECF-subfamily 
sigma factor was immediately and profoundly induced (20- to 160-fold). 
Whereas SMRC/PBS-Tween80 cultures maintained a high transcript level 
throughout (i.e. until day 14), the two genes were downregulated from 24h 
onwards in LARC/PBS cultures. In contrast, another transcription factor 
WhiB4 was significantly induced throughout in LARC/PBS cultures, but it 
appeared to be less important in SMRC/PBS-Tween80 cultures in long term 
that the induction of this gene went back to 2-fold at 14 days. Other ‘early 
responsive’ transcription factors were a member of the MarR family and 
WhiB2. These genes were only transiently upregulated during the first 1-3h 
in both cultures (Fig. 4-5). ‘Late’ transcriptional regulators that were only 
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strongly upregulated from 24h onwards, i.e. after cellular differentiation was 
largely completed, were also identified. Examples are the dormancy survival 
response regulator DosR, shown previously to be involved in the survival of 
oxygen depletion induced non-replicating cultures (159), another sigma 
factor and a MerR family regulator (Fig. 4-5). The ‘late’ upregulation of 
genes suggest that these regulators could be important for long-term survival 
of starved M. smegmatis. Another late starvation function appears to be the 
serine protein kinase gene pknK, suggesting a possible role of protein 
phosphorylation in the adaptation to starvation-induced non-replicating 
survival. Also shown in Fig. 4-5, other transcription factors, such as another 
MerR and a TetR family regulator were profoundly (20- to 50-fold) 
downregulated upon starvation. Finally, as expected, transcript abundance of 
the stringent response factor RelA was upregulated under both starvation 
conditions. Previously it was shown that the stringent response is required for 
starvation survival in vitro and persistence of M. tuberculosis in animal 
models (160-163).  
 
 
Fig. 4-5 Transcript changes over time of potential regulatory genes in gently 
(PBS-Tween80) and shock (PBS) starved M. smegmatis cultures. 
  




Taken together, the largely similar transcriptome changes in PBS- and 
PBS-Tween80-starved cultures are consistent with the observed similarities 
in cellular differentiation and physiological changes of M. smegmatis under 
both starvation conditions. The dynamic transcript level changes of 
regulatory genes suggest the existence of a starvation-induced genetic 
differentiation program.  
 
4.4  Discussion 
4.4.1 RNA-seq profiling identified transcriptional changes concomitant 
with the observed cellular differentiation process 
Mycobacteria are known for their ability to remain viable under 
long-term saline starvation via physiological adaptations (43, 47, 103, 104). 
In the previous chapter, we showed that M. smegmatis is capable of forming 
morphologically distinct resting cells SMRCs and LARCs, and proposed the 
existence of a starvation-induced mycobacterial morphological differentiation 
program. Here in this study we carried out a comparative developmental 
transcriptome analysis to determine whether mycobacteria truly harbor an 
overlapping starvation induced transcriptional program that governs the 
formation of SMRCs and LARCs, as implied by our previous cell biology 
observations.  
RNA-seq profiling of SMRC and LARC development revealed 
large-scale transcriptional modifications upon starvation. Multidimensional 
scaling on modulated genes revealed that SMRCs and LARCs indeed 
undergo largely overlapping transcriptional changes, particularly in the early 
stage (0-3h). The formation of LARCs and the septated multi-nucleoided 
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LARC-like intermediates observed during SMRC formation is accompanied 
by the upregulation of the septum formation functions FtsZ, FtsW, and PbpB, 
as well as the DNA translocase FtsK. Compaction of chromosomes is 
accompanied by an increase of the transcript level of the histone binding 
protein Hlp. Both SMRC and LARC development is accompanied by similar 
temporal expression patterns of candidate transcriptional regulators.  
In conclusion, our comparative developmental transcriptome studies 
suggest that M. smegmatis harbors a novel transcriptional differentiation 
program that controls the formation of SMRCs and LARCs (Fig. 4-6). The 
identification of a whole set of differentially expressed regulatory functions 
provides the basis for a reverse genetic approach for the full functional 
dissection of the program underlying this developmental process.  
 
 
Fig. 4-6 The transcriptional program underlying the nutrient-starvation 
induced morphological differentiation in M. smegmatis.  
Model depicting starvation-induced differentiation of log-phase cells into LARCs 
and SMRCs. Under zero-nutrient starvation (PBS), the development stops at the 
septated, multi-nucleoided LARC stage. In the presence of traces of a carbon source 
(PBS-Tween80), LARCs undergo cell division and separate into SMRCs. 
Representative genes upregulated early upon starvation are indicated. Blue: DNA, 




4.4.2 Interesting similarities between mycobacterial differentiation 
process and its relative Streptomyces at the developmental 
transcription level 
It is interesting to note that orthologues of some of these 
starvation-induced genes are involved in the formation of exospores from 
multi-nucleoided aerial hyphae in Streptomyces. Streptomyces, like 
Mycobacterium, belongs to the phylum Actinobacteria. The two bacterial 
groups separated about 1.3 billion years ago (164, 165). As mentioned in 
section 1.1.2.2, in response to nutrient depletion, Streptomyces initiates 
growth of aerial hyphae. These multi genomic structures septate to form 
chains of mono-nucleoided pre-spore compartments, and then break up into 
individual small resting cells called exospores (23).  
Expression of the mycobacterial orthologues of the Streptomyces septum 
associated proteins FtsZ and FtsW, which direct assembly of the Z ring for 
sporulation septation in aerial hyphae (166, 167), were induced at an early 
stage of mycobacterial development. The mycobacterial orthologue of the 
Streptomyces DNA translocase FtsK, which mobilizes chromosomal DNA 
through the closing septum in sporulating aerial hyphae (168), was 
upregulated during mycobacterial resting cell formation as well. Intriguingly, 
the mycobacterial orthologue of the Streptomyces sporulation-specific 
DNA-packaging protein HupS (169), Hlp, was also found to be upregulated 
during LARC/SMRC formation. It is important to note that an additional 
domain in HupS/Hlp, which makes the DNA binding protein unusual 
compared the canonical HU proteins in bacteria, can only be found in 
mycelial actinobacteria and Mycobacterium (164). Apparent molecular 
82 
	
similarities between mycobacterial resting cell formation and Streptomyces 
exospore formation also extend to some of the sporulation specific 
Streptomyces transcriptional regulators: The mycobacterial orthologues of the 
Streptomyces transcription factors WhiB, WhiD and WblA – WhiB2, WhiB3 
and WhiB4 (164) – are strongly upregulated during the development of 
LARCs/SMRCs. These Streptomyces transcription factors have been shown 
to be critical for the conversion of aerial hyphae to a sporulation-directed fate 
(170, 171). Although SMRC formation in mycobacteria and exospore 
formation in Streptomyces are obviously different processes, the apparent 
similarities we have observed in the cell biology (formation of septated 
multi-nucleoided intermediates followed by the separation of 
mono-nucleoided resting cells) and gene transcription during both 
differentiation processes may hint at an ancient conserved regulatory program 
that has diverged to produce the distinct resting cell types, SMRCs/LARCs 











5  Role of Stringent Response Regulator RelA in 
the Nutrient-Starvation Induced Cellular 
Differentiation Process 
	







Results in this chapter have been published in the following paper: 
Mu-Lu Wu, Chuu Ling Chan, Thomas Dick. Rel is required for 
morphogenesis of resting cells in Mycobacterium smegmatis. Frontiers in 




	 	 	 	 Bacteria are constantly exposed to nutrient limitations in their natural 
environments (1, 134). To endure these harsh conditions, most bacteria 
activate a broadly conserved stress response, the stringent response, mediated 
by the (p)ppGpp synthase RelA. Upon nutrient deprivation, the signaling 
nucleotides guanosine tetraphosphate and guanosine pentaphosphate, 
together referred as (p)ppGpp, are rapidly induced. The elevated cellular 
concentration of (p)ppGpp alters the transcription of a wide range of genes, 
thus mediating the bacterial physiological adaptation to nutrient starvation 
and ensuring bacterial survival (172). The stringent response was originally 
discovered by Stent and Brenner in E. coli (173). Later it was found to be 
critical across many bacterial phyla (162, 172, 174), including mycobacteria 
(161, 175-177). In mycobacteria, the amount of (p)ppGpp under starvation is 
mainly modulated by the bifunctional protein RelA which synthesizes and 
hydrolyzes (p)ppGpp (178-180). Reported disruptions of relA in 
mycobacteria resulted in defective survival under starvation in vitro and loss 
of pathogenic virulence in animal infection models (160, 161, 163, 175). 
Interestingly, in the above-mentioned comparative developmental 
transcriptome study, we found an early and transient upregulation of relA 
transcript under both shock and gentle starvation conditions (Fig. 4-5), 
suggesting that this signaling factor (p)ppGpp synthase may play a role in 
both LARCs and SMRCs formation. Therefore, we asked the question 




5.1  relA nonsense mutant fails to form SMRCs under 
gentle starvation   
To identify the possible role of RelA in mycobacterial resting cell 
differentiation, we introduced a TAG stop codon at the fourth triplet in its 
coding sequence via recombineering to block translation of the protein (Fig. 
5-1). Successful nonsense mutation was confirmed by DNA sequencing. The 
verified mutant strain, named relAE4TAG or relA nonsense mutant, was then 




Fig. 5-1 Construction of M. smegmatis relA nonsense mutant strain relAE4TAG. 
The relA nonsense mutant relE4TAG was generated by introducing a point mutation at 
the 10th nucleotide (GàT) of relA coding sequence to change the glutamic acid into 
stop codon TAG. Successful mutation was confirmed by DNA sequencing. Grey box 
with stripes indicates the start codon while red box with stripes indicates the newly 
introduced stop codon. The relA nonsense mutant was generated by Chuu Ling 
Chan.  
	
Fig. 5-2A shows that the relA nonsense mutation did not affect the 
growth rate or cell shape of M. smegmatis in nutrient broth, but the mutant 
strain entered into stationary phase earlier than wild-type bacilli as shown 








Fig. 5-2 Growth and cell morphology of M. smegmatis relAE4TAG in nutrient 
broth and starvation media.  
(A) Growth curves and acid-fast stained log-phase samples of M. smegmatis 
relAE4TAG in nutrient broth in comparison with wild-type M. smegmatis. (B,C) 
Survival curves and acid-fast stained 14-day starved samples of M. smegmatis 
relAE4TAG in PBS (B) and PBS-Tween80 (C) in comparison with wild-type M. 
smegmatis. In all curves, filled diamond: wild-type strain; empty square: relAE4TAG 
nonsense mutant. Growth curve and survival curve data are shown as means ± 
standard deviations from two independent biological replicates. Representative 





Surprisingly, the relA nonsense mutation did not affect survival of the 
bacilli when subjected to shock starvation in PBS or mild starvation in 
PBS-Tween80 (Fig. 5-2B/C). Furthermore, microscopic analyses of acid-fast 
stained samples depicted in Fig. 5-2C showed that M. smegmatis relA 
nonsense mutant grown under gentle starvation conditions failed to form 
SMRCs, suggesting that RelA plays a role in the formation of the small-cell 
morphotype. Consistent with this microscopic observation, the slight increase 
in CFU observed for wild-type bacteria under PBS-Tween80 starvation due 
to the division of the septated multi-nucleoided cell intermediates, was not 
observed for M. smegmatis relAE4TAG. No apparent cell size difference was 
observable in acid-fast stained relA nonsense mutants in PBS starved 
cultures.  
	
5.2  A relA deletion mutant has the same phenotype as the 
relA nonsense mutant 
To exclude the possibility that the relA nonsense mutant may be ‘leaky’, 
i.e. allowing some translational readthrough of the stop codon and therefore 
may represent a hypomorph, we generated a M. smegmatis relA strain in 
which the entire coding sequence of relA was deleted and replaced by a 
hygromycin resistance cassette. Fig. 5-3 shows the relA gene replacement 
construct and its verification by PCR amplification (see section 2.6.6 for 
details). A complemented strain relAComp was also constructed by 
re-introducing a wild-type allele of M. tuberculosis relA under its native 




Fig. 5-3 Construction of M. smegmatis relA knockout strain relA.  
(A) The relA knockout strain relA was constructed by replacing the complete relA 
coding sequence (except the last 6nt) with hygromycin resistance cassette. The 
complemented strain (relAComp) was generated by introducing a wild-type M. 
tuberculosis relA copy under its native promoter into the relA mutant background. 
(B) Successful mutant and the corresponding complemented strain were verified by 
PCR analysis using flanking primers a/b and internal primers c/d. In the gel pictures, 
L = DNA ladder, 1 = wild-type M. smegmatis, 2 = relA strain, 3 = relAComp 
strain. The product amplified by primers a/b with relA DNA is 467bp smaller than 
that obtained from the wild-type DNA, confirming the successful knockout of the 
wild-type relA allele. Due to the high homology of relA allele between M. 
tuberculosis and M. smegmatis, internal primers c/d bind to both wild-type M. 
smegmatis and relAComp. Deletion of the complete relA sequence in relA 
strain was also verified by DNA sequencing. 
 
The verified relA knockout strain was transferred to shock or gentle 
starvation media. Fig. 5-4 shows that all the phenotypes displayed in the 
relA loss-of-function mutant were identical to that of the relA nonsense 
mutant, i.e. the M. smegmatis relA strain did not die under both starvation 
conditions, instead it failed to form SMRCs in the case of gentle starvation. 
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Both phenotypes could be rescued by complementation. These results suggest 
that: i) the introduced stop codon in the relA nonsense mutant indeed 
effectively blocked expression of the RelA product; ii) the stringent response 
regulator RelA is a differentiation factor, i.e. loss of RelA blocks the 
formation of SMRCs.  
 
Fig. 5-4 Growth and cell morphology of M. smegmatis relA in nutrient broth 
and starvation media.  
(A) Growth curves and acid-fast stained log-phase samples of M. smegmatis relA 
in nutrient broth in comparison with wild-type M. smegmatis and the corresponding 
complemented strain relAComp. (B,C) Survival curves and acid-fast stained 
14-day starved samples of M. smegmatis relA in PBS (B) and PBS-Tween80 (C) 
in comparison with wild-type and relAComp strain. In all curves, filled black 
diamond: wild-type strain (WT); empty red circle: relA mutant; filled red circle: 
relAComp strain. All data are shown as means ± sd from two independent 
biological replicates. Representative fields are chosen for acid-fast stained images. 
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5.3  relA loss-of-function mutation blocks the first step in 
mycobacterial resting cell formation – the generation of 
septated multi-nucleoided cells 
Based on acid-fast staining results, we learnt that deletion of relA caused 
failure in SMRCs formation. However, it was not clear yet whether the RelA 
loss of function affected the formation of the LARC-like septated 
multi-nucleoided intermediates during SMRC development and/or the 
formation of LARCs under shock starvation. To determine this, we carried 
out fluorescence microscopic analyses on M. smegmatis relA cultures 
subjected to PBS and PBS-Tween80 starvation. Starved cultures were stained 
with fluorescent probes DAPI and FM4-64 to visualize DNA and membrane 
structure respectively. As seen in Fig. 5-5A (relA), relA bacilli failed to 
form septated cells under both conditions with only sparse septa (none or one) 
observed in starved cell. In contrast to the highly condensed nucleoids in 
starved wild-type cells, DNA in relA cells distributed throughout the whole 
cytoplasm, i.e. the segregated DNA in most of cells was less condensed (Fig. 
5-5A, relA). Moreover, loss of RelA function appeared to prevent the 
accumulation of lipid bodies in the case of PBS-Tween80 starved cultures 
(Fig. 5-5B, relA). Reintroduction of wild-type relA allele in the knockout 
strain restored septum formation, DNA compaction and intracellular lipid 
inclusion accumulation phenotypes (Fig. 5-5, relAComp). These results 
suggest that RelA is required for both LARC and SMRC formation and that 
loss of function of relA blocks the first cellular step in mycobacterial resting 
cell differentiation – the generation of septated multi-nucleoided cells. This 
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genetic function of relA is consistent with the observation that the relA gene 
is transiently upregulated under both culture conditions prior to the onset of 
septation and nucleoid compaction. 
  
 
Fig. 5-5 Staining images of DNA, membrane and lipid bodies for M. smegmatis 
relA in comparison with the wild-type and the complemented strain.  
Fluorescent probe stained samples of M. smegmatis relA grown in nutrient broth 
(log-phase) and starved in PBS or PBS-Tween80 for 14 days in comparison with 
wild-type M. smegmatis and M. smegmatis relA complemented strain 
(relAComp) are shown. (A) DNA and membrane was stained with DAPI (blue) 
and FM4-64 (red) respectively. (B) Intracellular lipid bodies were stained with Nile 




It is interesting to note that during fluorescence microscopic analyses of 
14-day PBS-starved relA M. smegmatis cultures, a number of cells (~60%) 
either contained a ball-like attachment (Fig. 5-6, upper row) or were ball-like 
(Fig. 5-6, lower row), similar to the enlarged cells and pear-shaped cells 
observed in starved cultures of M. smegmatis relA loss-of-function mutants 
reported by Dahl and colleagues (175). Notably, these ball-like structures 
were not observable in acid-fast stained samples, suggesting that they have an 
altered cell wall thus affecting the staining behavior. Moreover, these 
structures were permeable to propidium iodide (Fig. 5-6D), indicating a 
breakdown of the cell permeability barrier. It remains to be determined 
whether these DNA-containing structures are dead or injured cells with 
compromised cell permeability, as propidium iodide stained cells do not 
necessarily represent dead cell (182).  
 
 
Fig. 5-6 Unusual cell shapes in PBS-starved cultures of M. smegmatis relA. 
Typical examples of unusual ‘ball-like’ cell shapes (~60%) observed in 14-day 
PBS-starved M. smegmatis relA cultures are shown. Cells with ball-like 
appendices are shown in the upper row, and ball-shaped cells are shown in the lower 
row. (A) DIC images. (B) Nile red (green) stained images to visualize lipid. (C) 
DAPI (blue) and FM4-64 (red) stained images to visualize DNA and membrane 
respectively. (D) Propidium iodide (red) staining was done to show breakdown of 
the permeability barrier of the ball-like structures. These structures were observed 
under phase contrast but not in acid-fast stained samples, suggesting that these 
structures may be cell wall defective. Representative fields are shown. White bars 




Taken together, loss-of-function mutations of RelA blocked both LARC 
and SMRC formation, suggesting a role for the stringent response factor in 
mycobacterial morphological differentiation. The fact that loss of RelA did 
not affect cell replication and lipid body accumulation in log-phase stage 
indicates that this RelA-mediated morphological development is specific to 
starvation conditions.     
 
5.4  Discussion 
In the previous chapters, we showed that M. smegmatis is capable of 
forming morphologically distinct resting cells – SMRCs and LARCs. As a 
first step to dissect the genetic program underlying the SMRC/LARC 
differentiation process, we generated loss-of-function mutations in one of the 
early and transiently upregulated genes common to SMRCs and LARCs 
development, the stringent response factor relA. Fluorescence microscopic 
analyses showed that the relA mutations prevented the first cellular step in 
SMRC/LARC formation – the formation of septated multi-nucleoided cells 
with condensed chromosomes (Fig. 5-7). Interestingly, short-term starvation 
survival of the bacilli was not affected in relA loss-of-function strains, 
suggesting a role for mycobacterial RelA in starvation-induced differentiation 





Fig. 5-7 Function of RelA in SMRC/LARC development under starvation.  
A model demonstrating the nutrient starvation induced cellular differentiation 
program in M. smegmatis is shown. Loss of RelA function blocks the formation of 
septated multi-nucleoided cells seen as LARCs or the intermediates in SMRC 
development. Blue: DNA, red: septa, black: cell envelope. Arrows indicate polar 
growth of the replicating log-phase bacilli. 
	
Nevertheless, the survival of relA strain under short-term (14 days) 
starvation conditions does not necessarily mean that the formation of SMRCs 
and LARCs is dispensable for long-term starvation survival. Failure in the 
development of SMRCs and LARCs resulted in 1-log more death than 
wild-type strain after 2 months of starvation and also made the cells more 
susceptible to stress conditions such as anaerobiosis (data not shown).    
	
5.4.1 Stringent response vs. starvation survival 
As shown above, starvation survival of M. smegmatis was not affected 
by loss of relA function. However, the lack of a starvation death phenotype 
for our loss-of-function mutants is surprising because a M. smegmatis relA 
mutant reported by Dahl et al. in 2005 showed about 2-log death after 28-day 
starvation in Tris-buffered saline with Tween (TBST) (175). To exclude the 
possibility that death might be media dependent, we repeated the starvation 
experiments in TBST, but our relA mutant also showed no loss of viability 
within 28 days. The reason for this discrepancy remains to be determined. 
However, it is to note that Dahl et al. only deleted part of the relA coding 
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sequence – the (p)ppGpp synthase domain, leaving the (p)ppGpp hydrolase 
domain of RelA intact (175). 
In 2012, Murdeshwar et al. reported the presence of a second 
monofunctional (p)ppGpp synthetase in the M. smegmatis genome (183). 
This short alarmone synthetase, termed as MS_RHII-RSD, constitutively 
produces a basal level of (p)ppGpp in exponentially growing phase, as well 
as under starvation and other stress conditions, including oxidative stress, 
osmotic stress, acidic stress (183). An alternative source of (p)ppGpp 
produced by such short alarmone synthetases has been shown to contribute to 
bacterial metabolic balance and stress tolerance in other bacterial species, e.g. 
Enterococcus faecalis, V. cholera and B. subtilis (184-186). For M. 
tuberculosis, it has been shown that small amounts of (p)ppGpp produced in 
a leaky, Tet-controlled hydrolase-dead relA in M. tuberculosis was sufficient 
to rescue the death phenotype of relA mutants in mouse model (187). 
Although the bifunctional RelA is the principal enzyme responsible for the 
rapid accumulation of (p)ppGpp upon nutrient starvation, the basal level of 
(p)ppGpp provided by MS_RHII-RSD may be sufficient for survival of M. 
smegmatis relA mutant under nutrient starvation in the absence of RelA. 
The intact hydrolase domain left in the relA mutant constructed by Dahl et al. 
(175) might reduce the basal (p)ppGpp generated by MS_RHII-RSD, 
resulting in the reported loss of viability under starvation. In future, we would 
like to measure the (p)ppGpp levels in M. smegmatis relA mutant during 
log-phase growth and nutrient starvation, and also knock out MS_RHII-RSD 
in the M. smegmatis relA mutant to further study this hypothesis.     
In addition, it is interesting to note that deletion of (p)ppGpp hydrolase 
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domain alone has shown to be lethal in E. coli, V. cholera, B. subtilis and M. 
tuberculosis in the presence of a functional (p)ppGpp synthetase (184, 
186-188). The fact that deletion of RelA which contains the only known 
hydrolase in M. smegmatis is not fatal in our study suggests that there might 
be an alternative pathway of (p)ppGpp degradation in M. smegmatis.  
 
5.4.2 Stringent response vs. morphological differentiation 
The involvement of the stringent response in morphological 
differentiation, mediated by the bifunctional RelA, has been reported for 
other differentiating bacterial species. Loss of relA blocked the initiation of 
endosporulation process in B. subtilis as well as fruiting body development in 
M. xanthus (189, 190). In S. coelicolor, a relative of mycobacteria belonging 
to the same Actinobacteria phylum, deletion of relA blocked the formation of 
exospores by hindering the development of septated multi genomic aerial 
hyphae, but it did not affect vegetative growth (191). This shows some 
superficial similarities with the effect of RelA loss-of-function mutations on 
SMRC and LARC development.  
The exact mechanism of how RelA controls early SMRC/LARC 
developmental process remains to be determined. In Streptomyces, the 
(p)ppGpp-mediated effect on differentiation is thought to work via reduction 
of the cellular GTP concentration. In relA loss-of-function Streptomyces 
strains where the GTP level is not reduced, morphological differentiation is 
blocked (192). To determine whether GTP depletion may play a role for 
mycobacterial differentiation, we attempted to prevent GTP reduction by 
adding guanosine or GTP (up to 2mM) to gently starved M. smegmatis 
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cultures. However, the bacilli still formed SMRCs. Another experiment in 
which decoyinine, a GMP synthetase inhibitor (193), was added to block 
GTP biosynthesis and thus lower GTP level in starved M. smegmatis relA 
so as to restore the SMRC formation was also not conclusive: Exposure of 
gently starved M. smegmatis relA cultures to decoyinine did not restore the 
small-cell phenotype. However, we cannot rule out the potential role of GTP 
in (p)ppGpp-mediated differentiation process as guanosine and GTP might 
not penetrate mycobacterial cell envelope and decoyinine might not be able 
to inhibit mycobacterial GMP synthetase.  
Intriguingly, some key genes involved in the developmental process of 
SMRCs and LARCs (Fig. 5-8, left panel) appear to be under either direct or 
indirect control of RelA in starvation conditions as summarized in Fig. 5-8 
(right panel). The transcript level of ftsZ, which encodes septum formation 
protein, has been shown to be significantly downregulated in relA disrupted 
strain in M. smegmatis (181). Likewise, the expression of two other 
septum-formation components FtsW and PBPB was also 4-5 fold lower in a 
M. tuberculosis relA deletion strain compared to the wild-type strain under 
starvation (160). Moreover, the DNA condensation protein Hlp, showed a 
decreased transcript level in a M. tuberculosis relA deletion strain (160). 
Reduced expression of these genes in the absence of RelA might explain the 
failure of SMRC/LARC formation, including the absence of nucleoid 
compaction observed in our relA mutant. Another appealing phenotype in 
our M. smegmatis relA mutant is the absence of intracellular lipid bodies 
(proposed to be composed of triacylglycerol (194, 195)) in gently starved 
bacilli. Although no key genes involved in triacylglycerol biosynthesis and 
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hydrolysis (e.g. tgs1 and genes encoding lipases), and downstream fatty acid 
utilization (e.g. aceA) have been shown to be under direct regulation of RelA 
in mycobacteria, (p)ppGpp has been suggested to regulate lipid metabolism 
by inhibiting fatty acid biosynthesis (196). But how exactly the stringent 
response factor mediates the lipid droplet persistence in SMRCs remains to 
be determined.  
 
 
Fig. 5-8 Proposed schematic on the role of RelA in regulating the SMRC/LARC 
differentiation process.  
For the left panel, expression changes are shown as fold changes of 3h-starved 
cultures compared with log-phase cells (as shown in Fig. 4-4). For the right panel, 
expression changes of ftsW, pbpB, and hlp are shown as fold changes of 6h-starved 
M. tuberculosis relA loss-of-function mutant vs. 6h-starved wild-type M. 
tuberculosis (160), while transcripts level of ftsZ is shown as fold change of starved 
M. smegmatis relA loss-of-function mutant vs. starved wild-type M. smegmatis (181). 







In conclusion, our studies showed that the stringent response factor 
RelA is required for the formation of both SMRCs and LARCs, and that loss 
of function of RelA blocks the first cellular differentiation step – the 
formation of the septated multi-nucleoided cells. Interestingly, RelA is not 
required for maintaining viability of the starved cells. This suggests a 
morphogenetic rather than a survival function for the stringent response 
factor in M. smegmatis. A basal level of (p)ppGpp (perhaps produced by 
MS_RHII-RSD in the absence of RelA) may be sufficient for survival under 
starvation, while high level of (p)ppGpp (requiring functional RelA) may be 









6  Eagle Effect in the Nutrient-Starvation Induced 
Resting Cells 
 










Results in this chapter have been published in the following paper: 
Mu-Lu Wu, Jasmie Tan, Thomas Dick. Eagle effect in non-replicating 
persister mycobacteria. Antimicrobial Agents and Chemotherapy. 2015; 
59(12): 7786-89.  
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As mentioned in section 3.4.2, nutrient-starvation induced SMRCs and 
LARCs are extremely tolerant to antibiotics as compared to the exponentially 
growing M. smegmatis. Whereas most of the antibiotics lost their activity on 
the starved cells, fluoroquinolones retained their cidal activity. Surprisingly, 
dose response studies showed that fluoroquinolones, specifically, exhibited a 
paradoxical “more-kills-less” phenomenon on the non-replicators. This 
paradoxical concentration kill known as the Eagle effect was first reported by 
Harry Eagle and his colleague in 1948, where they discovered that penicillin 
displayed an optimum bactericidal concentration (OBC) against many strains 
of streptococci and staphylococci. The rate of bacterial death was reduced 
when the concentration went beyond OBC (Fig. 6-1). Although this 
phenomenon has been expanded to various bacteria against various drugs, it 
is the first time such a paradoxical kill effect has been observed in 
starvation-induced non-replicating cells. Details of the observation will be 
illustrated in the following sections. Since SMRCs and LARCs showed 
similar behaviors, in this chapter, we focus on SMRCs as a representative of 
the starvation-induced resting cells.  
 
Fig. 6-1 Schematic showing (A) the standard dose-dependent monophasic 
bactericidal activity and (B) the paradoxical ‘more-kills-less’ Eagle effect.  
(B) Antibiotic displays an optimum bactericidal concentration (OBC) that the 
survival of bacteria increases when antibiotic concentration goes beyond the OBC. 




6.1  Fluoroquinolones display an Eagle effect in the 
starvation-induced non-replicating cells  
As shown in Table 6-1, whereas most drugs lost their killing activity on 
the non-growing cells at 100μM, fluoroquinolones still exhibited more than 
10-fold killing effect on the extremely drug resistant SMRCs. To characterize 
the dose response bactericidal activity of fluoroquinolones against 
non-growing bacteria, we exposed the 14-day-old starved cultures along with 
the exponentially growing bacilli to ciprofloxacin (ranging from 1 to 100 μM) 
and determined the survival CFU after one-day incubation. 
 
Table 6-1 Drug susceptibility of 14-day-old starved vs. exponentially growing M. 
smegmatis cultures.  
 
a All drugs were tested at 100μM.  
b Fold kill was calculated as ratio of initial CFU/ml (106) / surviving CFU/ml after 1 
day of drug treatment. ‘1’ means no apparent kill.  
 
A concentration kill curve of ciprofloxacin for growing M. smegmatis is 
shown in Fig. 6-2A (Growing). Exposure to 5μM ciprofloxacin resulted in 
2-log CFU reduction compared to the initial inoculum. Higher concentrations 
of ciprofloxacin (50 to 100 μM) killed the growing cultures down to the limit 
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of detection, i.e. more than 4 logs. 
Surprisingly, starved non-replicating mycobacterial cultures showed a 
tri-phasic concentration kill curve (Fig. 6-2A, Non-growing). Concentrations 
up to 10μM of ciprofloxacin showed only a mild effect on M. smegmatis 
viability, while the same concentration caused a loss of viability of 2 logs in 
growing cultures. At 25μM, a 3-log kill was observed. Further increase in 
ciprofloxacin concentrations resulted in less kill. Exposure to 100μM 
ciprofloxacin significantly increased the bacterial survival by 1 log relative to 
the 25μM exposure experiment: more drug killed less.  
 
 
Fig. 6-2 Bactericidal activity of (A) Ciprofloxacin, (B) Streptomycin, (C) 
Ofloxacin and (D) Moxifloxacin on exponentially growing (Growing) and 
starved non-replicating (Non-growing) M. smegmatis.  
Experiments were performed twice independently in triplicates and representative 
results are shown with means and standard deviations. Limit of detection is 102 
CFU/ml. ‘#’ indicates where the survival CFU falls below the limit of detection. 
Data were analyzed by a two-tailed t-test. *p<0.05. **p<0.01, ***p<0.001 
compared with viable counts at the corresponding optimum bactericidal 
concentration in non-growing cultures: 25μM of ciprofloxacin, or 50μM of 
ofloxacin, or 5μM of moxifloxacin. Experiments were done in collaboration with 





Interestingly, this paradoxical kill effect was not seen when we treated 
the starved resting cells with another lethal drug, streptomycin, from the 
aminoglycoside group. In contrast to ciprofloxacin, streptomycin displayed a 
standard dose-dependent monophasic kill curve: Higher concentrations of the 
aminoglycoside drug killed more bacilli in both exponentially growing and 
non-replicating starved cultures (Fig. 6-2B).   
	 	 	 	 To determine whether this paradoxical kill effect is exclusive to 
ciprofloxacin, we subjected both growing and non-growing starved cells to 
other two fluoroquinolones – ofloxacin and moxifloxacin. Similar to 
ciprofloxacin, both ofloxacin and moxifloxacin showed an optimum 
bactericidal concentration on the starved non-growing cultures (not on the 
log-phase growing cultures) that concentrations beyond this point resulted in 
less kill (Fig. 6-2C/D), suggesting the paradoxical kill phenomenon is not 
specific to ciprofloxacin, i.e. it is also observed in other fluoroquinolones. 
Taken together, our results suggest that the motto ‘the more, the better’ 
does not apply to fluoroquinolones against starvation-induced non-replicating 
M. smegmatis: Increasing the concentration of fluoroquinolones beyond an 
optimum bactericidal concentration did not increase the kill but actually 
increased survival. This paradoxical kill phenomenon, or Eagle effect, 








6.2  The Eagle effect was not observed in drug-induced 
non-replicating bacilli 
Previously, Malik and colleagues studied the effect of fluoroquinolones 
on non-replicating mycobacteria employing the protein synthesis inhibitor 
chloramphenicol at static concentrations to halt growth (119, 197). To 
determine whether the paradoxical kill effect of ciprofloxacin observed for 
starvation-induced non-replicating M. smegmatis can also be observed for 
drug-induced non-replicating bacilli, we exposed exponentially growing 
cultures to a growth-inhibitory (non-cidal) concentration of 45μM 
chloramphenicol for one hour to halt growth (119) and then treated the 
non-growing cultures with 1 to 100 μM ciprofloxacin. Fig. 6-3 
(Ciprofloxacin) shows a monophasic kill curve of the ciprofloxacin for the 
growth-arrested cultures: Higher concentrations of ciprofloxacin killed more, 
i.e. the paradoxical kill effect observed for starvation induced non-replicating 
bacilli was not seen against chloramphenicol-pretreated growth-arrested 
cultures. Similarly, ofloxacin and moxifloxacin also did not display any Eagle 
effect on the chloramphenicol-arrested non-replicating cells (Fig. 6-3, 
Ofloxacin & Moxifloxacin). Collectively, it appears that the Eagle effect of 
fluoroquinolones observed in non-replicating cells is specific to 










Fig. 6-3 Bactericidal activity of ciprofloxacin, ofloxacin and moxifloxacin on 
chloramphenicol-arrested non-replicating M. smegmatis.  
Experiments were performed twice independently in triplicates and representative 
results are shown with means and standard deviations. Limit of detection is 102 
CFU/ml. ‘#’ indicates where the survival CFU falls below the limit of detection.  
	
	
6.3  The lethal activity of fluoroquinolones on starvation- 
induced non-replicators is protein synthesis dependent 
Comparing Fig. 6-3 with Fig. 6-2A/C/D (Growing), we noticed that 
inhibition of protein synthesis had a strong attenuating effect on the lethal 
activity of fluoroquinolones, consistent with data reported by Malik and 
colleagues (119, 197). To determine whether inhibition of protein synthesis 
also affects the fluoroquinolone-induced kill of starvation-induced 
non-growing culture, we pre-treated 14-day-old starved cultures with 45μM 
chloramphenicol for one hour to halt protein synthesis activity in the bacilli 









Fig. 6-4 Bactericidal activity of ciprofloxacin, ofloxacin and moxifloxacin on 
nutrient starved non-replicating cells without (-Cm) or with 1h 
chloramphenicol pretreatment (+Cm) to halt protein synthesis.  
Experiments were performed twice independently in triplicates and representative 
results are shown with means and standard deviations. (-Cm) data were adapted 
from Fig. 6-2A/C/D (Non-growing). 
	
	
Surprisingly, as shown in Fig. 6-4 (+Cm), inhibition of protein synthesis 
almost completely abolished the lethal activity of fluoroquinolones against 
starved cultures, suggesting that the strong killing effect of the drug 
(especially at the optimum bactericidal concentration) on the starved 
non-replicating cultures are protein synthesis dependent, i.e. it requires 





6.4  Discussion 
In this chapter, we reported that whereas most drugs lost their cidal 
activity on the nutrient-starved cells, fluoroquinolones still effectively killed 
the non-replicating cells. Interestingly, an Eagle effect was observed during 
the dose response study: Fluoroquinolones displayed an optimum bactericidal 
concentration on the starved cells such that further increasing the 
concentration of the drug resulted in less kill on the starved cells. This 
paradoxical kill effect appeared to be exclusive to fluoroquinolones and it 
was only observed in starvation induced non-replicating cells; drug induced 
arresting cells did not exhibit an Eagle effect. 
 
6.4.1 Cell death mechanism of fluoroquinolones 
The fluoroquinolones are one of the most widely used antibiotics in the 
treatment of various bacterial infections. Generally speaking, quinolones 
exert their antibacterial activity by interfering with bacterial DNA 
topoisomerases and preventing DNA from unwinding and duplicating. The 
quinolones trap type II topoisomerase on DNA as a complex in which DNA 
is cleaved but constrained by the enzyme. Such constraint helps keep the 
DNA supercoiled. As a consequence, the drug-enzyme-DNA complex 
reversibly inhibits DNA replication and bacterial growth. However, rapid 
lethal mechanism is distinct from the bacteriostatic action. Cell death arises 
from relatively less understood subsequent events in which bacterial 
chromosomes are fragmented and toxic reactive oxygen species may be 
generated (198-205). It has been suggested that the lethality of quinolones is 
achieved through two pathways: a protein dependent pathway or a protein 
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independent pathway. The choice of pathway depends on the quinolones’ 
structures and concentrations: The cidal activity of C-8-H derivatives such as 
ciprofloxacin is largely affected by protein synthesis inhibitors while the 
activity of C-8-methoxy derivative moxifloxacin is barely affected; however, 
very low concentrations of moxifloxacin also showed certain extent of 
sensitivity to protein synthesis inhibitors (119). Fig. 6-3 (in comparison with 
Fig. 6-2, Growing) shows that this behavior was reproduced under our 
culture assay conditions. Whereas inhibition of protein synthesis of growing 
M. smegmatis cultures via pre-treatment with translation inhibitor 
chloramphenicol had a strong attenuating effect on the cidal activity of 
ciprofloxacin and ofloxacin, it only had a minor attenuating effect on the 
lethal activity of moxifloxacin, thus supporting previous reports that 
moxifloxacin, in contrast to ciprofloxacin, kills mostly via a protein synthesis 
independent pathway (119). 
The observed kill of starved non-replicating M. smegmatis reported here 
confirms previous observations that fluoroquinolones can cause cell death 
without concurrent DNA replication (199, 201). This appears to be true 
across bacterial species. Zhao et al. (206) used a temperature-sensitive dnaB 
mutant of E. coli and showed that stopping replication had little effect on the 
lethal activity of quinolones. In mycobacteria, it was shown previously that 
growth-arrest induced by nitric oxide treatment in M. bovis BCG had little 
effect on moxifloxacin lethality (207) while in hypoxia-induced 
non-replicating M. tuberculosis, ciprofloxacin almost lost its complete cidal 
activity (99). Therefore, it was proposed earlier that moxifloxacin worked 
better against non-replicating tubercle bacilli. However, we showed that it 
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might not necessarily be the case. As shown in Fig. 6-2A/D (Non-growing), 
the concentration kill curve of moxifloxacin was somewhat compressed 
along the y-axis (CFU/ml) when compared to the curve generated by 
ciprofloxacin. Although the optimum bactericidal concentration for 
moxifloxacin was lower than that for ciprofloxacin (5μM vs. 25μM), the drug 
killed fewer bacilli at this concentration (1 log vs. 3 log). In other words, 
moxifloxacin showed better kill at lower concentrations, but ciprofloxacin 
could achieve stronger killing effect if used at higher concentrations.  
How the fluoroquinolones precisely kill starved non-replicating 
mycobacteria is currently under investigation. The fact that the killing 
activity of fluoroquinolones on the starved non-replicating bacilli could be 
completely abolished by inhibiting protein synthesis strongly suggests that 
this cell death mechanism is protein synthesis dependent. It has been 
postulated that protein synthesis is required for chromosome fragmentation, 
the latter is considered to be a hallmark of the drug’s lethality as it might 
trigger downstream SOS response. However, the mechanism of this protein 
synthesis dependent lethal pathway is not defined yet. Interestingly, in 
contrast to most bacteria that possess two type II topoisomerases 
(topoisomerase IV and DNA gyrase, both are targets for fluoroquinolones), 
mycobacteria possess only one of those enzymes – DNA gyrase (208). Thus 
using mycobacteria as a model should simplify the molecular dissection of 




6.4.2 The fluoroquinolone-specific Eagle effect on nutrient-starved M. 
smegmatis 
Since its first discovery in 1948 on penicillin against streptococci and 
staphylococci (209, 210), the Eagle effect has been later expanded to various 
Gram negatives such as Haemophilus influenzae and Proteus species (211). 
Furthermore it was found that drugs other than β-lactams, including colistin, 
also exhibited this paradoxical effect (212). Interestingly, fluoroquinolones 
were also shown to have an Eagle effect against staphylococci and E. coli 
(213-216).  
It is important to note that Drlica et al. (217) and Dong et al. (218) have 
observed a fluoroquinolone-induced Eagle effect in growing cultures of 
Mycobacterium bovis BCG. We have not observed this effect in our 
fluoroquinolone treatments of growing M. smegmatis (Fig. 6-2, Growing). It 
is also interesting to note that Malik et al. (215) observed an Eagle effect of 
quinolones for chloramphenicol-treated E. coli culture. We did not observe 
this effect in chloramphenicol-halted M. smegmatis cultures either (Fig. 6-3). 
The reason for these discrepancies is not clear; differences in incubation time 
may be involved, since they are known to affect the mechanism of 
quinolone-mediated killing (219). The fact that we do not see an Eagle effect 
in growing and chloramphenicol-halted M. smegmatis cultures does not 
necessarily mean that this phenomenon does not occur under these cultures 
conditions. The extensive kill we observed may have obscured such an effect.    
The mechanism of fluoroquinolone-induced Eagle effect remains to be 
determined. It could be due to reduced accumulation of intracellular 
fluoroquinolones (achieved by reduced uptake and/or increased efflux 
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pumping) when exposed to higher concentrations. Porin proteins MspA and 
MspC have been shown to be associated with fluoroquinolones intrinsic 
resistance (220). Therefore, it is possible that the expression of porin proteins 
could be downregulated as a protective mechanism when exposed to high 
concentrations of quinolones, thus resulting in reduced uptake of the drugs. 
However, it appears that induction of efflux pumps as an explanation for the 
drug-induced non-susceptibility can be excluded, as addition of the pump 
inhibitors reserpine and verapamil prior to treatment (221, 222) did not 
eliminate the observed Eagle effect (Fig. 6-5). To determine whether there is 
a reduction in the accumulation of fluoroquinolones in cells, it would be 
useful to directly measure the intracellular drug concentrations under 
different levels of drug exposure to see whether the values correlate with this 
paradoxical kill effect. 
	
	
Fig. 6-5 Effect of addition of efflux pump inhibitors on the ciprofloxacin 
triggered Eagle effect in starvation-induced non-replicating M. smegmatis. 
‘Control”: ciprofloxacin only; ‘+Verapamil’: 80μM of verapamil (sub-lethal) was 
added prior to ciprofloxacin treatment; ‘+Reserpine’: 20μM of reserpine (sub-lethal) 
was added prior to ciprofloxacin treatment. Experiments were performed twice 
independently in triplicates and representative results are shown as means and 
standard deviations. Experiments were done in collaboration with Jasmie Tan as part 







Another explanation for the Eagle effect could be that at high 
concentrations, a self-rescue mechanism may be activated in the bacteria. In 
E. coli, where fluoroquinolones showed a paradoxical kill effect for 
exponentially growing cultures, the paradoxical increase in survival was 
abolished when there was a deficiency in Lon protease (215). It was 
postulated that Lon protease might help repair the cleaved complexes 
(fluoroquinolone-gyrase-DNA) by removing the gyrase that was trapped on 
DNA by the drug (203), thus preventing further chromosome fragmentation. 
Interestingly, Lon protease is also present in the M. smegmatis genome. 
Therefore, it would be of interest to generate a M. smegmatis lon knockout 
strain and determine whether the Eagle effect could be eradicated in the 
mutant. If Lon protease indeed account for the Eagle effect observed in M. 
smegmatis, it would also be interesting to explore why this Lon-mediated 
self-rescue is only activated in starvation-induced non-replicating cells at 
high concentrations of drug exposure. Perhaps there exist some structural 
differences in the cleaved complexes that Lon can only participate when the 











7  Conclusions  
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Mycobacteria are generally known to be non-differentiating, i.e. they 
survive shock starvation in saline for extended periods of time in a 
non-replicating state without any apparent morphological changes. In this 
study, by adding traces of a carbon source into the standard saline starvation 
model, we uncovered that mycobacteria can undergo cellular differentiation if 
exposed to mild starvation conditions. They harbor a starvation-induced 
differentiation program as follows: Upon starvation, septated 
multi-nucleoided cells are generated at first. Under shock starvation 
conditions, the bacilli terminate development at this stage as LARCs. In the 
presence of traces of a carbon source, these multi-nucleoided cells continue 
differentiation into mono-nucleoided SMRCs. Comparative transcriptome 
analyses confirmed this differentiation program at the molecular level. The 
formation of LARCs and the septated multi-nucleoided LARC-like 
intermediates observed during SMRC formation was accompanied by the 
upregulation of the septum formation functions FtsZ, FtsW, and PbpB, as 
well as the DNA translocase FtsK. The observed compaction of 
chromosomes was accompanied by an increase in the transcript level of the 
histone-like DNA binding protein Hlp. Both SMRC and LARC development 
was accompanied by similar temporal expression patterns of candidate 
regulators, including the transcription factors WhiB2, WhiB3 and WhiB4. 
Interestingly, though different, the superficial similarities between 
mycobacteria differentiation program and its Actinobacteria relative 
Streptomyces exosporulation process suggest a common ancient root for the 
developmental program in this phylum.  
The stringent response (p)ppGpp synthase RelA was found to play a key 
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cellular differentiation factor in the mycobacterial differentiation program. 
Loss of RelA function prevented the first step – the formation of the septated 
multi-nucleoided cells, i.e. LARCs or the intermediates in SMRC formation.  
Similar to previously known resting cells, both SMRCs and LARCs had 
decreased metabolism and exhibited extreme tolerance to stresses, especially 
antibiotics. Whereas most drugs lost their cidal activity, fluoroquinolones 
retained their lethal potency. Surprisingly, dose response characterizations 
showed a paradoxical ‘more-drug-kills-less’ Eagle effect observed 
specifically for fluoroquinolones and exclusively to nutrient-starvation 
induced non-replicating cells. The cell death caused by fluoroquinolones has 
shown to be protein-synthesis dependent.  
In short, our study shows the previously known non-differentiating 
mycobacteria actually undergo cellular differentiation if subjected to the right 
conditions. The first regulator of the underlying genetic program is identified 
that RelA plays a key role of cellular differentiation factor.  
Considering the dynamic nature of mycobacterial habitats, it is perhaps 
not too surprising to find that these ‘non-differentiating aerobic rods’ in fact 
can undergo morphological differentiation and complex metabolic 
adaptations. Many mycobacterial genomes have been sequenced and studied 
in the past decade. TB Database currently contains whole genome sequences 
of 23 mycobacterial species (http://www.tbdb.org). Although many studies 
have improved the functional (i.e. biochemical) annotations of large numbers 
of genes, a considerable fraction of open reading frames are still labeled as 
‘hypothetical protein’. For many genes we do not know their physiological 
role, even if we can annotate them with a biochemical function. One wonders 
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how many genetic programs and biochemical or physiological functions 
remain hidden in the genome, simply because we have not exposed the 
bacteria to the ‘right’ cultural conditions that would activate those responses. 
Shifting ‘the cone of the streetlight’ around should result in many more 
surprises like the hidden morphological differentiation program discovered in 
this study, which will contribute to improve our genome annotations.   
We also consider our findings to be of clinical relevance. Mycobacterial 
infections, including the emerging infections caused by NTM, are notoriously 
difficult to cure with chemotherapy. The highly stress tolerant, phenotypically 
antibiotic-resistant and long-living SMRCs discovered in this study may 
contribute to this obstacle. A better understanding of SMRCs and the 
corresponding differentiation program would provide new insights into 
improving diagnosis, prevention and therapeutics development against 
mycobacterial infections. 
Future work will focus on dissecting the full panel of differentiation 
regulatory program by identifying other regulators that govern this novel 
mycobacterial developmental process. The strongly upregulated WhiB family 
transcription factors, especially WhiB2, WhiB3 and WhiB4 (shown in section 
4.3.3, Fig. 4-5), might be good candidates for future studies. This family of 
transcription factors has been shown to be involved in cell division, stress 
sensing, maintenance of redox homeostasis and virulence of M. tuberculosis 
(223-227). Considering the roles of their counterparts in the exosporulation 
of Streptomyces (164, 170, 171), it is very likely that these whiB genes are 
also responsible for the conversion of mycobacteria to the starvation-induced 
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